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ABSTRACT

Error control decoders are widely used in commuitoaapplications. Analog
CMOS implementations of error control decoders mawtperform digital
implementations in portable applications where poigelimited. However, there have
been little circuit level analyses of analog decadiesigns. This dissertation covers the
related analog circuits in the decoder design baseiihe extended (8, 4) Hamming code
decoder design.

The decoder utilizes a serial input/output intezfadgth a pipelined architecture. It
receives the analog signals serially and then pemse the data in parallel, finally
returning the hard decision serially. The decodpesformance is analyzed along with
the possible effects of mismatch. A decoder chipnanufactured in 0.5n CMOS
technology and the real test data of the analogais are provided for the first time.

The subcircuits comprising the error control decomelude sample-and-hold
circuits, comparators, and basic computationalscélhis dissertation presents various
designs for these circuits and explores the prascams of each. The trade-offs among
noise, power, speed and area are studied for eaalogacircuit. Different decoder
requirements may require different subcircuit desigrhe analog circuits are simulated
using SPICE and also manufactured in test chips wMlte same 0.5n CMOS
technology. Experimental results on these fabretatiecuits are used to validate our

analytical and simulation results.
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CHAPTER 1

INTRODUCTION

1.1 Motivation

Led by the booming wireless communications indystrgny coding technologies
have been developed in recent years to accommdbatelemand for efficient and
reliable data transmission [1][2][3]. Channel caglis one of the major research areas of
coding technology. Channel coding adds redunddotnmation to the transmitted data.
This redundant information allows the receiver teserve the original information by
detecting and correcting errors caused by a nolsggnmel. Using channel coding
technology, a desired communication system mayeaehbetter performance and more
closely approach the theoretical Shannon limit [4].

Hardware decoders using digital circuits have bdesigned for many widely
used channel codes such as Turbo codes and lowydpasty-check codes [5]. These
codes require the corresponding decoder to proeege amounts of parallel data in
order to deliver real time results. However, thgitdi circuit approach cannot fully
satisfy the increasing demand for low power condionp Research into subthreshold
CMOS circuits by Mead and others have demonstréttatl complex parallel analog
computations can be performed with very low powssigation on a single chip [6].
Recently, researchers have begun to utilize amatogits in error control decoder design

[7]. Preliminary results show that analog decodeas achieve good system-level
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performance [1][7][8]. Instead of using many bits tepresent one number, analog
implementations use a single analog voltage oreotirto represent one number. This
allows for massively parallel decoders to be imm@atad on a single low-power chip.
For certain computational tasks, analog circuit§perdorm their counterparts, digital
circuits, when performance metrics such as powearswmption and chip area are
considered.

Analog VLSI circuits can be used to add or multiplyrents and thus realize a
sum-product operation. This is the fundamental af@n in probability propagation
networks, as observed by Frey [9], Kschischang,[&d[d Aji [11]. An analog VLSI
implementation of the sum-product operation is essfully achieved and reported in
[7][12]. Bipolar-CMQOS, or BICMOS, technologies habeen used to implement these
computational elements [1][3][13][14]. Since therremt-to-voltage relationship of
CMOS transistors resembles that of bipolar traosstwhen operating in the
subthreshold region [15], researchers have recéetiyn to implement analog decoders
at the circuit level using pure CMOS technologi&s][8].

To test the feasibility of using CMOS to implememtalog decoder chips, we
choose an extended (8, 4) Hamming code decoder tdugs popularity in the
communication coding area. We chose anth5 CMOS technology for our
implementations. The analog decoder uses a maxieyosteriori (MAP) decoding
methodology, which requires all 8 bits of each caaed to arrive in parallel. However,
because traditional communication channels trandaté serially in time, and because of

pin limitations in integrated circuit (IC) packagese must use a serial input/output
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interface for the decoder chip. Hence, a seriabtitutput interface is inevitable. The
interface design is part of this thesis work.

Along with the serial input/output interfaces, #realog decoder design must also
be considered. Here, there are more challengegahzing CMOS circuits on such
decoder designs, such as device mismatch, noigaytlarea, power consumption, and
speed. Some system-level work has addressed thetefif these hardware limitations
[17][18], but there has been little detailed citdevel analysis of analog decoder
designs. By fabricating and testing several expentiad chips, detailed transistor-level
circuit models for a decoder are studied in thgeaech work, and the experimental data

has been compared to analytical models.

1.2 Contributions

With the combination of both theoretical analysesl &xperimental work, the
related analog circuit design issues are studieth®error control decoders based on (8,
4) Hamming code decoder. Mainly there are five megmtributions in this dissertation.

The first contribution is realizing the serial/péeh interface in CMOS. The
decoder was designed and tested to validate thelipimy analog architecture. No
researchers have ever given real test resultdifanalog CMOS application for the error
control decoders yet.

The second contribution is measuring transistonmatsh in a real CMOS process
and using this empirical data to show the algoriitkmobust. It is seen that practical,
typical mismatch in a modern CMOS technology wibit rsignificantly degrade the

computation core performance.



4
The third contribution is identifying the best aesponding Sample-and-Hold

(S/H) circuit for the possible application in thecdder design. Some novel results are
explored in the dissertation. One simple S/H ewepeforms differential pair in view of
charge injection error. The op-amp in the analoffebus the limiting factor in terms of
both speed and power.

The fourth contribution is developing a Monte-Casdionulation technique for
determining comparator accuracy based on transisiematch data. Except for the
accuracy study, power analysis is also providedseBaon the research, the power
consumption bottleneck is lying on the input inded instead of output interface.

The fifth contribution is reducing noise effect tine core computation blocks.
This dissertation develops sizing methodology thuce noise in the core without adding
layout area or power. Several different sizing meghes are compared and simulation.

Finally the results are validated in a test chip.

1.3  Thesis Outline

This thesis work is based on a study of an (8 xigreled Hamming code analog
decoder. Chapter 2 introduces the decoder’'s ppachitecture, which uses a serial
input/output interface. Experimental results fronfalricated decoder chip prove the
feasibility of this design. However, the systemeeyerformance may be limited by
circuit errors, primarily the device mismatch, whiis discussed in Chapter 3. Based on a
systematic analysis, circuit-level details are déssed in the following chapters. In
Chapter 4, the input interface is illustrated, maiimcusing on the design and test of

sample-and-hold circuit. The output interface, ulchg comparator design, is discussed
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in detail in Chapter 5. The computation cell citaesign issues are discussed in Chapter

6. Finally the thesis work is concluded in Chapter



CHAPTER2

ARCHITECTUREFORTHE (8, 4) EXTENDED HAMMING CODE DECODER

As introduced in the last chapter, analog CMOSudischave some competitive
advantages over its counterpart, digital CMOS ds¢cun the communication area. To
explore the feasibility of using analog circuits, @, 4) extended Hamming code decoder
is designed and fabricated in b CMOS technology. The decoder uses a maximum-a
posteriori (MAP) decoding methodology, which regsimall the data to arrive in parallel.
However, the communication channel gives data inalseand because of the pin
limitation of the package, we must also use a kam@ut/output interface for a chip.
Hence, serial input/output interfaces are inevéalh this research work, a novel,
pipelined serial-in-serial-out interface is desigre provide the computation core with
parallel input signals. The detailed architectufettos interface is introduced in this

chapter along with the testing results.

2.1  The (8, 4) Extended Hamming Code and the Degodligorithm

No communication system is noise-free. A typicalmowunication system
includes a source, a channel (with noise) and eivec[19]. If a piece of informationis
transmitted through the channel, the receiver getsonly the informatioru, but also
channel noisa. To reduce the noise effect, some redundant irdton can be added to

the original informatioru. This is known as encoding. A brief encoding/decgdystem
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is shown in Figure 2.1. The encoded informattpmstead of the original informatiam

is transferred through the channel. The signafram the channel in fact includes both
and unwanted noise When the decoder receives the signakhich isx plusn, it tries

to retrieve the original information from the received informatiop However, some of
the noise-deteriorated information cannot be reax/é/Vhat the decoder provides to the

sink is the most probable sent data sequénce

Source |——p Encoder l

Noise—M |  Channel

Sink & Decoder <y—

Figure 2.1 A Brief Model of a Typical Encoder/Decoder System

Many coding theories have been developed. The Hamr@iode is one of the
most widely used linear block codes that can corsawle errors [19][20]. This is also
the reason why the decoder for the Hamming codiemsonstrated in this thesis, for it is
a basic demonstration of the error control prodcte decoders. Research presented in
later chapters is also based on the Hamming cocizdée.

The (8, 4) Extended Hamming Code encoder takesoakbbf four digital
information bitsu and uses a generator mat@xo produce a block of eight-bit codeword

x as in Equation 2.1.

Xx=uG (2. 1)



where the generator matriXis given by:

11110000
00110110

G= 2. 2)
00001111
01100011

The four input bits olu decide that there are only 16 valid sequences dhe
minimal “tail-biting” trellis diagram [8] for the§, 4) extended Hamming code encoder,
as shown in Figure 2.2, provides a graphical deson of all the allowable codewords.
The trellis diagram is just like a state-machinagdam, giving the specific states that
may be entered by an encoder as it produces a codelis called “tail-biting” because
the final state is connected to the initial stétgath through the trellis is valid only if it
begins and ends in the same state. The branchbsg idiagram indicate allowable state
transitions. The upper branch represents a stateition of input ‘0’ while the lower
branch stands for a state transition of input The outputs for those transitions are
labeled beneath. The sequence of the output labelssponding to a valid path through

the trellis is a valid codeword.




Figure 2.2 Minimal Tail-Biting Trellis for the (8, 4) ExtendeHamming Code

The states are labeled sequentially from top ttobostarting with ‘0’. The states
with even indexes are the results from the branehigsinput of ‘0’ while the states with
odd indexes are the outcomes from the branchesimptit of ‘1’. Hence, we can get the
probability of the input bit from the probability each state, which can be derived from
the received signal.

The 8-bit codeword is transmitted through the noisy channel. Whendineoder
receivesy, the deteriorated signal from the channel, thedecshould derive what is the
most probable 4-bit input informatioir from the received sampie Those samples are
always received in a sequence, which is denotgd as

In real communication systems, the sequence of leggps provided as “soft”
information, i.e., the probability of ‘O’ or ‘1’ okach received bit. Ideally the output
should be 3V when the ‘1’ has been transmitted evtiie output should be 0V when the
‘0’ has been transmitted in a circuit powered fran8V supply. However, the noise
corruption causes the output to be a value betv@eand 3V, which reflects the noise
influence. The probability of ‘1’ is higher wheretlvoltage is larger than 1.5V.

When the decoder receives “soft” information, iesrto give the most probable
estimate of the original input sequenae known as the MAP decision. The MAP
algorithm used is known as the BCJR algorithm [2dhich uses the probability
information propagated through the trellis forwardsd backwards [22][23]. After
iterating around the graph several times, the fodvead backward probability estimates
are combined to give the final estimates of thenmifation bits. The detailed algorithm is

introduced in [8]. The final probability of everyAP information bitu; is estimated by:
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plu, =0l y)= ’ 2}aj(s)xbj (s) (2. 3)
plu, =1y)= ) S}aj(s) xb, (s) 2. 4)

where j = 01,2,3 is the time index of the trellis in Figure 2.8] (01,2, B the

particular state in the trellis sectign a;(s) is the calculated forward propagating
probability of the states at the sectiony, and b,(s) is the backward-propagating
probability. The final digital bit outpufi; is decided by choosing the greater of the two

probabilities in Equation 2.3 and 2.4.

These equations show that the basic algorithmsisna-product algorithm, which
means addition and multiplication operations. la tircuit realization, the probabilities
are represented by current values. Simply conrgctwo lines together gives the
summation of two currents while the multiplicatioh the currents are realized by the
Gilbert Cell, which is shown in Figure 2.3. Theldsdre is only illustrated with NMOS

while it can be composed of PMOS as well.

loutl lout2

linl lin2

Vref Itot Vref

Figure 2.3  Basic Gilbert Cell
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To obtain the multiplication function, all the tsastors in the Gilbert cell should
operate in weak inversion, i.e., in the subthreghebion, where the drain current is an
exponential function of gate voltage. Generally itheersion boundary can be defined as

in terms of voltage or in terms of current, whicte given in Equation 2.5 and 2.6

respectively.
Vg >V, +100mV stronginversion
V; +100mV >Vgg >V, - 100mV  moderaténversion (2.5)
Vs <V - 100mV weakinversion

where Vgs is the gate-source voltage a4 is the threshold voltage including any

possible body effect.

I, >10I4 stronginversion
10l > 1, > 014 moderaténversion (2. 6)
I, <0llg weakinversion

wherelp is the drain-source current ahkyds given by:

_2mC,0iw

|y == e T @7

where , is the carrier mobilityC,y is the gate capacitance per unit arda,is the
thermal voltagekT/q, is the subthreshold gate coupling coefficient \uhig typically
around 0.7, antlV andL are the transistor’s width and length.

When the transistors are working under weak ineersthe saturation current

exhibits the exponential characteristic as:
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=l,—e (2. 8)

- Ko

2mC,U2 &

wherel, = is a constant based on process and temperatuyreaoilVg

andVs are the gate voltage and the source voltage. Tieenutput currents of the above

Gilbert cell in Figure 2.3 are derived as:

|
| — inl xl

= 2.9
outl | - + | - tot ( )
I in
Loz =M (2.10)

in2

The denominator of the above two equatiohgHlin2), is usually constant, which
can be realized by a normalization cell. Therefbygcan be considered as the product of
lin andlr. With 27 1 inputs in the example, there are only two outputs this cell can be
further used withm” n inputs as well. The corresponding output currémhany inputs is
the multiplication of the two input currents goitlgrough its gate and source. The
detailed illustration ofm n input cell is shown in the next chapter. Theosdly this
basic cell can be used to realize any combinatiadheosum-product algorithm, including

the algorithm for the Hamming code decoder.

2.2 Pipelining Input/Output Interface
After the introduction of the extended (8, 4) Hamghcode decoding algorithm,

what is emphasized here is that the algorithm t&8kasalog inputs (the probability of ‘0’
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or ‘1’ of the 8-bit codeword) and gives 4 digitaltputs (the most probable 4-bit input

information). However, real communication systenypidally transfer information
serially in time, which makes a serial input inte&d necessary. Moreover, the pin
limitation of the large-size product code decodguires serial input/output interfaces as
well. For example, even a decoder for the relagiwehall-size (16, 1%)Turbo product
code needs at least %@56 input pins and f£121 output pins if it is built with a
parallel interface. Of course this pin requiremesainnot be reached, so a serial
input/output interface must be used to realize@ndecoders for product codes.

To add serial input/output interfaces to the systdma common way is to use an
ADC/DAC for the serial inputs and outputs [1]. Hoxee, the data conversion circuits
have significant area and power cost. A pure anadadjzation that does not use data
converters may outperform the digital approach wghmore power-efficient design.

This dissertation proposes a pipelining plan tdizeaanalog computation with
serial inputs and outputs. The idea of the inptédrface is to use sample-and hold circuits
to hold the serially-input data one by one and tpeovide all the required data for
computation in parallel. Since the outputs from @mmparators are already hard
decisions, (i.e., digital signals), the serial atitpiterface can be realized by a standard
digital register approach, which is the same a®tieeused in other ADC/DAC designs.

For an (8, 4) extended Hamming code decoder, tagreonly 8 inputs and 4
outputs for the computation, which is applicablehwa parallel interface. Thus, it is a
good choice for the proof-of-concept design becdbhsedata can be compared with or

without a serial interface.
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The input data are log-likelihood-ratios (LLR) ohet probabilities, i.e.,

In[P(2)/P(0)]. To convert the data back to the ptabties, a differential pair is used. The
differential pair exhibits a logarithmic relationghbetween the two input voltages and

the two output currents, i.eQV =In(l, /1, . Ysing a reference voltage standing for the

same probability of “1” and “0” as 50%, the difface between the input signal and the
reference voltage can be converted back into twputicurrents, which are proportional
to the probability of 1 and O of every bit from tbleannel. This LLR input utilizes fully
differential design, where the reference voltagmitrcan offset some signal-independent
noise. From the view of the circuit implementatidareliminates the common-mode noise
from fundamental and makes the system more rolgastst the noise fluctuation.

The LLR signals go through the core computatiorchlafter they pass through
the differential pairs. The algorithm of the comgtign block is introduced in the last
section and the detailed circuit realization of doenputation block is illustrated in [8].
The outputs from the computation block are the sofputs of the probability of “1” and
“0”, which need comparators to give the final hdettision of “1” or “0”.

Figure 2.4 is the brief system block diagram fog #xtended (8, 4) Hamming
code decoder with the serial input/output interfaf24]. As stated above, the design is
fully differential to improve immunity from substea noise and other extrinsic noise
sources. Therefore, there are two sample-and-t#®d)(circuits for each “soft bit” to
store both the input LLR data and the referenctagel There are three pipelining stages
in total. Each stage has 8 clock cycles, corresipgnith the eight input bits. At the first
stage, both the input data and the reference \@wléag stored locally with sample-and-

hold cells when they are scanned into the chiputhinothe data line by the control of
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“sel0” to “sel7”. At the second stage, all the date passed in parallel to the computation
blocks for the analog computation when the “seffpne” signal is enabled. The “soft
output” signals generated by the computation blaefsesent the probabilities that the
received bit is a “1” or a “0”. At the end of thec®nd stage, comparators generate digital
decisions by comparing the two probabilities arididhe data simultaneously for all the
outputs with the “vlatch” signal. Finally the lastage uses the shift registers to send the

data off chip serially.

Input sel0 sell sel2 sel3 sel6 sel7
Referenci P L i i i ?
voltage T-I¢ e 0 0 I¢¢

A 4 A 4 A 4 A 4 A 4
S/Hs| | S/Hs| | S/Hs| | S/Hs| | S/Hs| | S/Hs|
[ 1 1

/isjilr#n» SX-|S T» SX—B T» SX—B E Stﬂs Ty St—|s L St—|s
AT 20T 20NN 20, vV v

Computation Block with Differential Pairs

| | | |
v_ v v_v v_ v
vlatch Comparator Comparator Comparator
with latct with latct with latct
out0 ¢ out1¢ out3 ¢

| g P —p
SelOy1 Selly Sel(ngl Serial
Output
Data

Figure 2.4  System Block Diagram
A detailed timing diagram is shown in Figure 2.5eT'sel0” to “sel7” signals are
the enabling signals for the S/H cells, which m&akn analog MUX to store analog input
signals locally as the input data are scannedtmgochip one clock cycle by one clock
cycle. The “sel7” signal is also used for the pipelenabling signal at the second stage;
all the data are passed in parallel to the comjomtdtlocks when it is enabled. The

“vlatch” signal is used in the comparator celldrigger the comparators and synchronize
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the output signals at the second stage. Most ofélsend stage clock cycle time can be
used for the computation as the comparator onlgsieefew clock cycles to latch and
settle down. The third stage uses shift registehsch only need clock signals to trigger.
There are only four bits of digital output data,®dy half of one-stage clock cycles are

used for the output.
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Figure 2.5  Timing Diagram for Analog Decoder with Pipelinegputs

From the timing diagram, it can be seen that tipetimterface allows continuous
serial data transmission without the need for amgdks” or pauses in the input signal
between code words. The circuit supplies paratipuis for the core computation blocks
while the serial input is running. Obviously, tlEBows computation blocks to work N

times slower than the serial input interface givem N-bit codeword. Since the
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computation blocks can work more slowly, it givee tinalog BCJR algorithm extra time
to converge. Given the same input data streansgbed in the core computation cell can
be slower with larger codes. As we know, slowecuwis can be generated with less
power. Typically, the multiplication function cdlihe Gilbert cell) [15] is working under
moderate or weak inversion to minimize power congion, which can be achieved with

a large code algorithm.

2.3  Testing Results
The chip is fabricated in a 3-metal, 2-poly b commercially-available CMOS
process from AMI. The final chip photo is shown kigure 2.6. The chip size is

1.5mm 1.5mm while the active circuit size is around 0.9m®@mm.
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Figure 2.6  Chip Photo

As shown in Figure 2.7, two programmable arbitravgveform generators
(Agilent 33120A) are used to produce the input dagmal and the clock signal. The
input data signal simulates the output of a reahdel. It is synchronized with the clock
signal, and the synchronization signal is also usgafoduce the reset signal for the chip.
The four-bit output codes are recorded by a mixgdas oscilloscope (Agilent 54622D),
which is capable of simultaneously monitoring alewant analog and digital signals. All
test instruments are controlled and monitored bygraputer over a GPIB bus. The input

and output data are processed using MATLAB.
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The testing setup is shown in Figure 2.8. The tvveform-generators are shown

in the upper-left corner and the oscilloscope réicgy the signals is shown in the upper-

right corner. These instruments are also used smalich and cell testing reported in

later chapters.

Figure 2.8

Test Equipment
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According to the principle of the encoding/decodaigorithm, a frame of 106 4-

bit source messages is generated randomly. Thegendessages are encoded into 8-bit
Hamming code words using Equation 2.1. Noise iseddd generate a simulated channel
output with a specified SNR. These noisy, codea dedveforms are programmed into
the arbitrary waveform generator to provide theaseémput signal into the chip at a rate
of 425kHz. Figure 2.9(a) shows one such analo@lsamput signal to the chip. Figure
2.9(b) shows the system clock and the four digmaiput bits. Note that the parallel
decoded output signals are eight times slower tharserial input bits. Decoding occurs
continuously, and the pipelined input design all@emputation to proceed at a constant

flow with no need to pause the input signal afterg eight bits.

(a) (b)
Figure 2.9  Testing Results
(a) Analog input signal and (b) digital signalsalgped from oscilloscope.
(Output signals are 8 times slower than the cleitk 8 serial input bits.)
The glitches and the delay of the last output w3 are caused by a layout flaw

in the corresponding comparator, which is sub&@utvith an off-chip comparator

instead. Although most of the errors can be coeceat post-processing, they still cause
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different testing results in this bit. This is alsoe of the reasons why the performance is
separated by bit-position. Figure 2.10 shows the parformance testing results from the
decoder. The x-axis shows the energy-per-bit/ndesesity ratio (E/Ng) in dB at the
receiver input while the y-axis shows the bit enrate (BER) which is measured at the
receiver output. Each data point is also given wiita confidence interval. The lower
solid curve represents ideal decoder performarara fimulation while the upper dotted

curve sets the boundary of an uncoded perform&ije |

Figure 2.10 System Performance of Testing Results
As stated above, the synchronization signal is igexl/ by the function generator
and is used as the reset signal to trigger thdlasobpe. Due to unresolved equipment
problems, the synchronization signal fails occaslign and fails to trigger to

oscilloscope. The errors caused by this cannotdoepensated by data processing and
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therefore result in a performance loss. For thessans it is difficult to test at speeds
which are greater than 1Mbps or less than 2kbpis. Mhkes it impossible to test the chip
under true weak inversion. From Equation 2.6, tlreent should be less than about 4nA
to ensure subthreshold operation. However, thisatio® needs the speed to go less than
1-2kbps, which is too slow to be tested by the puopaints, so there is no test result for
truly weak inversion operation. Fortunately thetsys performance won't degrade too
much with strong inversion operation. The systenfooeance of strong inversion is

illustrated in Figure 2.11 [18].

Figure 2.11 System Performance under Strong Inversion Operatio
The relationship between the speed and the perfarens shown in Figure 2.12,

which shows the test results with different datedighput (the number of decoded bits
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per second) when the bias current is set to 58ni&.dlear that the system shows better
performance with lower data throughput. The reasorthe slower speed gives the

algorithm more time to converge and therefore gmese accurate decisions.

Figure 2.12 System Performance vs. Data Throughput Biase8raAd 5

We discovered other circuit issues involving mix@gnal interference. In the
layout, one of the analog output signal lines ipanallel with the digital clock signal and
this causes interference shown in Figure 2.13. Wihendigital clock signal flips, it
causes a glitch at the analog output signal. Tikis shows that there are a lot of detailed
analog circuit design and layout issues relatedh wlie analog decoder design. From

those mixed signal design issues, rises the maidivébr this research work.
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Figure 2.13 The Analog Output with Interference from a Digi&gnal

As discussed in this chapter, using the coding dadoding algorithm can
eliminate part of the noise interference to improtlee communication system
performance. The (8, 4) extended Hamming code ésajrthe coding algorithms. The
decoder for this Hamming code is built with the lagacircuit approach. The decoding
algorithm requires parallel analog signals while tieal channel signals arrive serially,
therefore, a novel pipelining architecture is deetjto assure serial input/output while
providing the computation cell with parallel datde decoder is manufactured with AMI
0.5 m CMOS technology and tested. The testing resthitsvsthat the decoder works

with the serial interfaces. However, there ard atilot of circuit issues for study. The
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following chapters discuss further those analogutirissues. All the design concerns are

based on this (8, 4) extended Hamming code decoggementation.



CHAPTER 3

ACCURACY OF ANALOG CIRCUITS: MISMATCH

Generally, device mismatch behavior has much mmgact on analog circuits
than the digital ones since analog circuits areens@nsitive to the minor changes of the
varying parameters. The semiconductor process samme variation of the transistor
width, length, and uneven dopant concentration,clviaffects the transistor threshold
voltage and other process-related parameters [B&. mismatch behavior exhibits a
random Guassian distribution for the parameter,sgheariance is characterized by the
device’'s size, orientation, and the distance betwéee devices. Obtaining the
relationship between the parameter's variance &edsize can help to optimize the
mismatch of the analog decoder chips. This is thtoced in Section 3.1. To further study
the decoder’s tolerance to the mismatch, the sydteah analysis of the decoder’s
algorithm needs to be studied. Section 3.2 showesébults of the algorithm research,
which proves that the decoder system performs quoibeistly in the presence of the
mismatch. However, the mismatch still needs to baracterized to predict the chip
performance, especially because the comparatotbenoutput stage can bring extra
errors to the final results due to the mismatche Thsmatch data is obtained through a
test chip, which is introduced in Section 3.3. Thst chip is built under AMI 0.5n
technology as the decoder chip in last chaptemllyithe testing results are presented in

Section 3.4.
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3.1 CMOS Device Modeling

Two identical transistors can only exist in theofhere are time-independent
random variations in physical quantities of ideallic designed devices, which is called
device mismatch [27]. With the devices’ decreadiligensions, the impact of CMOS
mismatch becomes more significant. Meanwhile, apalwcuits, which normally are
much more easily impacted by mismatch than digitauits, are used more and more in
communication systems. Therefore, mismatch issaes potten more attention and been
studied by many researchers [28][29][30][31][32].

Pelgrom [27] gave a classical model of MOS trapsistatching properties and it
is summarized in this section. With mismatch, augrof identically designed devices
shows different parameters, which are denote® &s this chapter. This is caused by
many kinds of random processes that occur on thee s@afer going through the same
fabrication batches.

Generally the value of one paramel®eis composed of a fixed part, which can be
calculated in a design, and a randomly varying,patiich causes mismatch. The
difference between two devices is denotedi@swhich exhibits a stochastic pattetP?
is typically interpreted with its mean value andiamace. Usually the mean value is zero
while the variances’(ZP) should be modeled, measured or estimated foerdiit
processes.

According to Pelgrom[27], the CMOS device mismattlf is a function of area,
distance, and orientation. There are two classesigrhatch behavior. One is the spatial

“white noise” or short-distance variation. The atbee can be modeled as an additional
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stochastic process with a long correlation distah¢ih these two itemss*(LP) can be

modeled as:

0Py = 2> + 527 3.1
s )_M U, (3. 1)

whereAp is the area proportionality constant for paramete® describes the variation
of parameteP with the spacingD represents the spacing between the two devices. Th
proportionality constants can be measured for idiffeprocesses then be used to predict
the mismatch variance of a circuit.

Equation 3.1 shows that the variance of the pammethe function of both area
and distance. However, the geometry dependencasohatch is much more significant
than the spacing dependence of mismatch [33][34é. tEsting results of [33] suggest the
threshold voltage and current factor matching does show a trend for small size
transistors. Also, designers place devices adjamestach other when it is necessary to
avoid mismatch. Therefore, the equation for mismatan be simplified with only the

dependence on area:

s?(DP) :\%, 3.2)

To obtain the variance of the parameters, the istmrs in a particular process
should be measured to find oM. In testing, the drain source current is measuarat
the parameters are calculated by curve fittinghef ¢orresponding current equation. For
example, if the current is measured for the transssoperating under the saturation

region, theoretically the current is then given by:
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lp == b(Vee- V; ) (3.3)

where b =nC W/L, and the threshold voltag¥, =V;, +9(Ves +2f - \/2f;),

whereVro is the threshold voltage for OV substrate voltages, the linear factor for the

body effect.

Using Equation 3.1, the standard deviationd/af and g are characterized with

constant®\yro andAg

2
5%(Vyo) = C\/VTLO (3. 4)

A
s?(g)=—_ 3.5
9) WL (3.5)
Then, the variance &f; can be found as:
AR

S2(V;) =52 (Vo) + (YWVes + 27 - £J2)?s%(9) =2 (3. 6)

WL

For the current factow, the matching property is derived by the mutually

independent componentg L, /77 andCy:

s*(b) _s*(m,s*(C,) , s*W)  s*(L)
b: it cz  wr oL

(3.7)

Analysis has shown that®>(W) pu 1/L ands ?(L) p 1/W [27], so the standard deviation

of b can be written as:



30

&:i’zn+péox+ Alz‘/ + AL2
b? WL WL WL wL?

(3. 8)

where A, Acox Aw, AL and S are constants. NV andL are large enough, the standard
deviation ofb can be approximated as:
si(b) A

b2 »M (3 9)

From the above equations, the variance of draireatilp, can be estimated with

the variance of/r andb from Equation 3.6 and 3.9 as:

si(lp) - 4s°(Wr) L S°(D) _ Ap
Itz) (VGS'VT)2 b? WL

(3. 10)

CMOS devices work differently when working abovedahelow threshold
voltage [31][35]. With similar derivations, howeydhe variances of the drain currents
are found to be the same in either region of opmratWhen a CMOS transistor is

operating below the threshold voltage, the cuneekpressed as:

Vg - Vg
=1 WMoy (3. 11)
L
Then, the variance of the current can be calculased
2 2 2 2 2
S (ZID):‘S (ZIS)+S (\£V)+s (ZL)+V_G252(k) (3 12)
12 12 W > U

T
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Again the variances shown in Equation 3.11 are ahsersely proportional to the

transistor’s area and Equation 3.11 can be rewrése

2 2
%{%o) _ % (3. 13)

Since all the variances in the transistor pararaedee inversely proportional to
the transistor’s area, larger transistors generadich better.

Pelgrom’s work is valid for long channel transistoFor submicron channel
length transistors, the WL phenomenon changes [28][33][34]. The paramkter the
above equations should be effective channel lemgtiead of actual transistor length for
small size transistors. However, the transistogtierused in an analog circuit is usually
longer than the minimum length used in a digitatwt. If the length is above several
microns, the parametérin the above equations can remain unchanged thsteasing

the effective length.

3.2 Systematic Analysis of Mismatch for the Analdgcoder
Analog circuits are more sensitive to small vaoas$ in the transistor parameters
than their digital counterpart. As stated abovesmaitch of transistors usually affects the
functionality of analog circuits more than digitahes. To assure correct operation,
analog designers often choose large device sizestha mismatch is inversely
proportional to the device size as shown in the dastion. However, the larger device
size usually slows down the operation speed ottfwait. It is because the larger device

size means larger capacitance, which is inverselggrtional to the speed. Hence, every
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system should find its tolerance to the mismatablems to get the trade-off between
the speed and the mismatch. It is the same cabdaheitanalog product code decoders.
Based on Lustenberger’s research [1][17], someByaic simulation is made by
Dai using the developed cell library of the decdd®], which simplifies the simulation.
The cell library is designed to support a genergbmatic synthesis method that is
adaptable for different analog error control deced®any algorithms in error-control
coding can be interpreted as operations of the muaduct algorithm on probability
propagation networks [8][36][37]. The realizationf sum-product algorithm is
demonstrated in the last chapter using the Gilbatt[15]. One typical core block in the

decoder is shown in Figure 3.1.

11,1 I1,n Im,1 Im,n
n e
. Vref
lyn o L{‘
l%l o (@]
Vref Ix1 Ixm

Figure 3.1 A Typical Core Block for an Analog Decoder
The mismatch analysis based upon the block islprseimmarized here. Wit
current inputs in the direction anch current inputs in thg direction, there are a total of
mxn current outputs. The current value representsctireesponding probability. The

output current is the product of the two normaliagult currents:
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=1, =2 (3. 14)

k=1

wherei = 01,..., mmeans the index in thedirection while j = 0,1,..., nis the index in
they direction.

For systematic mismatch analysis, the startingtgsinot the physical mismatch
causes, but the mathematical description of themaish behavior. As stated in last
section, every parameter is composed by a fixetlgrad a randomly varying part with
Gaussian probability distribution. Hence, the paten can be simply expressed by
multiplying the designed value with (1 8, whereeis a Gaussian-distributed variable
with zero mean [17][18]. For example, the curreny iaxis can be represented gyl +
g). Furthermore, as the transistor is working in siithreshold region and its current
can be expressed as Equation 2.5 in the last eh&tbstitutingly; with Equation 2.5

and combiningML into o, the current with mismatch can be expressed as:

U In(1+e;
k Vg+———12 (1)) -V

kVG - VS

l,e 7 A+e)=1,e e (3. 15)

As stated earlier, the normalized current is prissgnthe corresponding
propagated probability, which is denotedpadhe sum of the probabilities should be 1.

Hence, the relationship between current and prdibaini the y direction is shown as:

_ |
POy y= L (3. 16)
) p(Y,) i

k=1 k=1




With the conversion of the current to the prob#&pilwe can get the block

diagram, Figure 3.2, to represent Figure 3.1.
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Figure 3.2  Block Diagram for the Mismatch Error Propagation

From Figure 3.2, the mismatch-infected output fitbwia product core is expressed

as in Equation 3.17.

@+e€;)A+¢€)ply;)

L+ )+ &) p(yi)

(3.17)

p(y;) =

k=1

If the variance is much smaller than 1, the conclusf Equation 3.18 is reached
in [18]. This equation shows how'(y; differs from its original valuep(y; Hue to the
transistor mismatch. The higher possibility pfy; there is, the less likely the decision
is changed by mismatch influence.

p'(y;)

— =1+ (1' (p(yj))zej

3.18
pCy;) ( )
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After finding out how p'(y; )is related to its original valug(y; , It is necessary
to find how to expres(y; yith channel information. To distinguish with theaxis,

the received valug explained in the last chapter is denoted d®re. Suppose a Binary-
Phase-Shift-Keyed (BPSK) modulation system is 448§l The received information
is the original sent information (1 or —1) addedhwthannel noise, whose standard

deviation is denoted ag. The probability of receiving when sending 1 is

ply;) = 1_2y (3. 19)

1+e*

Substituting Equation 3.19 into Equation 3.18, fynEquation 3.20 is derived:

P =, (3. 20)

1+e °e

Comparing Equation 3.19 and 3.20, the mismatchceffan be viewed as one

kind of noise added to the received valueThe combined noise has standard deviation
as.si+s/s?, where jis the standard deviation of the drain-sourceenrmismatch

for one transistor. The noise is always expressét @B loss, which is shown in
Equation 3.18:
2+ e4 J2

SZ+ss
10log —=—"L
s

e

=10log(L+5252) (3. 21)
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As discussed in the previous chapter, the trelliBigure 2.2 has both forward and
backward propagations, so the mismatch effect iblgal in the block cells. Moreover,
the currents should be normalized with some nomatbén cells, which have almost the
same mismatch effect as the core computation dgbisnbining these two factors, the
noise in dB loss can be expressed as:

10log —55 +39:sj2

52

e

=10logf1+3s 25 ?) 3. 22)

For independent mismatch sources, the varianceéeauded together. Except for
the mismatch effects talked above, there are moismaich sources, such as the
mismatch from the transconductance before the ctatipan cell. Finally the average dB

loss for the error-control decoders can be expdeasen Equation 3.20 in general.

sctksls?

10log —° =10log(+ ks 2s ?) (3. 23)

2
e

wherek is a factor which can be any number between 3%andor example, given a

typical high-bound noise variance valuesf =  @8ds? = 001, the system dB loss

is only around 0.043dB even far= .5
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Figure 3.3  The Mismatch Effect on the Extended (8, 4) Hamnt@ogle Decoder

The simulation result shown in Figure 3.3 confirous analysis. The ideal curve
and the simulated curve with mismatch fit quite wietom the study, it can be seen that
the precision of the decoder can be gained by tgerithm itself. Although the
computational units are not inherently precise,dterall performance of the decoder is
still acceptable. This makes it possible to usellsdevice sizes for those decoders and
proves the analog circuit realization is applicable

Although the system itself is proved to be robtistre are more concerns in the
interface circuits. As stated before, the outponfrthe decoder is the soft decisions,
which stand for the probability of “0” and “1”. lthe output stage, the comparators are

needed to compare the two possibilities and gieehérd decision of “0” or “1”. The
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mismatch of the comparator should be analyzed weargfully since it may affect the
final decision significantly.

To analyze the effect of comparator mismatch onsystem, the comparator is
treated as a hard-decision demodulator to the @ecdfl the current offset of the
comparator ., the log-likelihood-ratio (LLR) of the offset ixpressed as:

loff  r =In m (3. 24)

05- | 4

In the analysis, the decoder is treated as an @icd®PSK system with a
transformed SNR’ oEp/Ny’ According to the desired BER value, the correspiog SNR
is found for an uncoded system as the upper boungshown in Figure 2.11. The soft
output of the decoder is then modeled as a Gausgjaal with the corresponding SNR.

For this system model, the error probability carekpressed as:

P, :%erf JE TN, (L+ IoffLLR)]+%erf JE TN, @- loff )] (3. 25)

Further approximation can be made for a system withBER, where the second
part of Equation 3.25 dominates. Usually the for@tt can be neglected when BER is less
than 10". The dB loss of the system is then-ak0log(L- loff ,)?. For example, if the
current offset is about 10%, the system loss cachrd.9dB. Therefore, the mismatch
from the comparators may affect the system perfaomasignificantly and must be

considered.
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3.3 Mismatch Characterization Test Chip

Mismatch data for different processes may vary thedmanufacturers usually do
not provide this data. A test chip is designed easure mismatch data for this specific
process run.

In the test chip, 32 identical PMOS transistors &2dNMOS transistors are
connected with switches, as shown in Figure 3.3 $Witches’ control signals are
provided by a 5-bit analog demultiplexer. The trstogs’ sizes are drawn asr8/3 m
(W/L) which is the desired value for our analogcuits. The transistors share the same
input and output pins while they are selected Bkt select signal. By measuring the
drain-source current while sweeping the gate veltatlpe current-voltage curve is
obtained. This curve fitting between the experimen¢sults and theoretical prediction

gives the tested standard deviation of the parasiete

»>—q »>—q »>—q

"
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IdrainP

vdd .
‘[ IdrainN
VgateP »—] »—] »—]
s c,”J . q”j g sel0 sell sel31
sel0 ; sell sel31 Vl%tﬁN o |

Figure 3.4  Schematic for the Mismatch Testing Chip
The fabrication offered 5 chips for one design,rsdotal the mismatch data is
obtained through 160 identically-drawn transistdks. stated above, the parameters are
found through parameter fitting by the MOSFET drainrent equation. Although this

test is not a thorough test of mismatch, it givdémsic idea about the fabrication process.
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The mismatch data is used in systematic analysgddict decoder performance [18].
Also the mismatch data is used in later simulatiéors comparator design. For the
comparator itself, another test chip is built testtéts functionality and mismatch

characteristics.

3.4  Testing Results
The mismatch test involves 32 identically-sizedhsiators per chip, with five
chips in total. The testing plan is to measurelgh¥s curve to find the fitting parameters
for the transistors. Then, the standard deviatmnhose parameters can be found. The
current model we used is the EKV model, by Enz,fKmenacher and Vittoz [38], which
is a good fitting model for transistors workingweak, moderate, and strong inversion

regions. The equation is shown below:

2

k(VG B VTo)' Vs
2V

T (3. 26)

I, =lgxIn 1+exp

wherelsis the same as in Equation 2.7.
From the testing results, the curve fits the datey well. Figure 3.4 shows the
testing result from one NMOS transistor. The dotied is from the testing data while

the solid line is the ideahdV ¢ curve from Equation 3.23.
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Figure 3.5 Ip-Vg Curve for EKV model

In our experiment, there are three unknown factorsthe equations\Vro,

b=nC W/L, andk We measured the standard deviation of these {haeameters.

The test results are listed in Table 3.1.
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Table 3.1  Testing Results for the NMOS Parameters in EKV Mode
Chip No. Parameters Vino (V) n (AIV?) kn
Mean 0.749 8.98E-05 0.668
1 Standard Deviation 3.39E-3 7.62E-07 2.15E-08
Std/Mean 0.452% 0.848% 0.323%
Mean 0.749 8.99E-05 0.668
2 Standard Deviation 3.82E-3 1.12E-06 5.23E-08
Std/Mean 0.509% 1.25% 0.783%
Mean 0.747 9.00E-05 0.670
3 Standard Deviation 4.42E-3 8.87E-07 2.91E-08
Std/Mean 0.591% 0.985% 0.434%
Mean 0.751 9.02E-05 0.669
4 Standard Deviation 4.62E-3 5.52E-07 3.24E-08
Std/Mean 0.615% 0.611% 0.484%
Mean 0.749 9.03E-05 0.671
5 Standard Deviation 4.05E-3 9.84E-07 3.96E-03
Std/Mean 0.541% 1.09% 0.589%
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Table 3.2  Testing Results for the PMOS Parameters in EKV Mode
Chip No. Parameters Vo (V) o (AIV?) k
Mean 0.932 3.00E-05 0.723
1 Standard Deviation 4.97E-3 5.54E-07 8.82E-08
Std/Mean 0.533% 1.85% 1.22%
Mean 0.937 2.88E-05 0.741
2 Standard Deviation 4.83E-3 3.76E-07 5.94E-08
Std/Mean 0.515% 1.30% 0.802%
Mean 0.936 2.91E-05 0.738
3 Standard Deviation 5.15E-3 2.54E-07 4.04E-03
Std/Mean 0.551% 0.873% 0.548%
Mean 0.934 2.91E-05 0.735
4 Standard Deviation 4.25E-3 2.22E-07 4.17E-038
Std/Mean 0.455% 0.764% 0.568%
Mean 0.936 2.92E-05 0.741
5 Standard Deviation 4.68E-3 2.34E-07 4.05E-038
Std/Mean 0.500% 0.803% 0.546%

The standard deviation of every parameter variesngndifferent chips, but they
are on same order. The average deviation is furtbed in the following chapters when
discussing circuit characteristics, such as infiseoerror.

The deviation from Table 3.1 is not taken by itsamaquare root value. This is
because the definition of mismatch is based onfédlee happening in the same chip,

instead of between different chips. Also the maximualue of the standard deviation is
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also used for the worst-case estimation. After iobtg the mismatch data for the three

parameters, the standard deviation for the drairentis expressed by:

s(ID):J ﬂ‘l'/fos(vn» + 111;_55“’) - ﬂ—;sm 3.27)

The drain-source current mismatch data, which hosva in Table 3.3, are used
in the systematic analysis discussed in the lagiose As expected, the mismatch error
decreases when the current level goes up.

Table 3.3 Drain-Source Current Mismatch

Designed currenp 10nA 100nA | 400nA 1A 10 A

Current mismatch for NMOS 9.379 7.37% 5.49% 4.14% .78%

Current mismatch for PMO$ 11.0% 7.39% 4.78% 3.36% .67%

Mismatch issues are important to consider in theoder design. This chapter
discusses the mismatch effect in a systematic mmatines shown that the Hamming
decoder gains its accuracy from the used algoriteeif. However, the mismatch from
the comparators in output interface affects théesyperformance more than other parts.
Hence, the mismatch error caused by comparatorddsbe further studied.

Since manufacturers did not provide the mismatda,da test chip is made to
predict the mismatch characteristics of the teabgyl The tested data confirms the
systematic analysis on the decoder design andriBefuused in other analog circuit

designs, especially the comparator design. Mismatobr is only one error resource in



45

the decoder design; other circuit issues are dsstlifor each corresponding circuit in the

following chapters.



CHAPTER 4

INPUT INTERFACE: SAMPLE-AND-HOLD CIRCUIT

An efficient serial input interface is essentialatdéarge-code analog decoder chip
[24]. Pin limitations restrict the parallel inteca only to small codes. Also, data from a
communications channel typically arrives seriadly,a serial input interface is required to
provide the computation core with parallel inpursils. To store the serial data locally,
the sample-and-hold cell is used in the input fatex design. In this chapter, the basic
sample-and-hold cell is introduced in Section fhllpwed with other different designs in
Section 4.2. Those designs are built in a test,chitpch is introduced in Section 4.3.

Finally, the testing results are provided and aredyin Section 4.4.

4.1 Basics of the Sample-and-Hold Circuits
The sample-and-hold cell is the key part for theasenput interface in the
decoder system. By definition, a sample-and-holtHYSs used to sample an analog
signal and to hold its sampled value for some lemgttime [39]. Some S/H circuits are
also often referred to as the track-and-hold cisguvhile some other S/H circuits use
switched capacitors and do not track the inputaigiRor the decoder presented in this
dissertation, both circuits can work in its inpoterface and they are discussed in detall

in the next section. In this section, some basidopmance parameters for the S/H



47

circuits are introduced. Those parameters are uséte design of the sample-and-hold

cells.

4.1.1 Basic S/H Circuit

The simplest S/H circuit built in CMOS is illusteat in Figure 4.1, which is also a
track-and-hold circuit. The S/H part is composedpoly one switch transistor and one
capacitor. The following unity-gain op-amp is ustedget low output impedance to
stabilize the voltage output and provide high inpapedance so the holding capacitor

Chig can hold its charge.

vV 9 ) Vout
in T ‘V' >—0—D

Figure 4.1  The Basic S/H Circuit
When the switch transistor is on, (i.e.qk IS high on the N type transistor), the
circuit is working during the tracking phase. Theput voltage V., which should be the
same as V', follows V. When i goes low and the switch is off, the circuit goeshe
holding phase. Ideally the capacitogfholds the voltage constantly and,Ms equal to
Vi at the instant x went low. However, as discussed below, chargectioe, clock
feedthrough, and leakage current degrade the tipeuformance. Moreover, speed and

area of the circuits are two factors that are waaféwith the noise level of the circuit.
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4.1.2 Charge Injection

Charge injection is a phenomenon caused by thsigtan switching. As shown in
Figure 4.1, when the N type switch transistor twffsits negative channel charge must
flow out into its source and drain junctions. ThHeige going through the input port is
absorbed by the input source due to low source diaapee. However, the charge flowing
into the capacitor side causes the junction volMgm® have a negative glitch. Suppose
the clock ¢k turns off fast, then the channel chargeyQlows equally into both

junctions [40], then the charge injected into tinection of V' is given by:

_ QCH C(‘)XWLVeﬁ

DQCh\d - =

: ; (4. 1)

As usual,C,, is the gate capacitance per unit al&andL are the transistor width and

length, andVe¢ is the effective gate-source voltage. Supposeltek ok goes fromVyg

to 0 and the threshold voltage of the transistdisVes can be expressed as:

Veff :VGS - Vt :Vdd - Vn - th (4 2)

Since the charge is the product of capacitancevattdge, DQ. ~=C,,DV | itis easy to

derive the change of the voltage V’ as in Equatich

— DQChId - CoxIWL(Vdd - Vin - th)
C:I"I|d ZCh|d

DV’ (4. 3)

The threshold voltage in the equation is also eelawith the input voltage due to the

body effect [41][42], the threshold voltage is eegsed as:
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Vo =Vio + g2 [V, - 27+ ]) 4. 4)

whereVy is the threshold with no body effedt; is the Fermi level voltage, amgls the

body effect parameter. Therefore, the voltage charagyised by the charge injection can

be expressed as:

COXIWL(Vdd - Vin - VtO - g(\/|2fF| +Vin - \/|2fF|))
2C:h|d

DV'=

(4. 5)

The equation shows that the error is related Withi.e., it is signal dependent.
This signal dependence causes nonlinear distortewen with differential

implementations. To get an idea of how big the glanjection is, for example, with

W/L=18 m/06 m, C,, =200fF, C, = 248F m? V, =33V, V=065V,

g= 049V , V,, =15V, thenV,, = 097V, and the voltage change caused by charge
injection is around -56mV. This error linearly irases with the increased transistor size
while it decreases with increased holding capacéakror example, if we decrease the
transistor size to 1rfin as in the decoder, the error is decreased totalomuV. The
charge injection problem is the number one limiatfor the S/H circuits and it is our

primary concern for the S/H in this thesis work.

4.1.3 Clock Feedthrough
There is another kind of charge injection, clockdiérough, which is not from
the channel but from the gate-drain or gate-sowncrlap capacitor [43]. Figure 4.2

shows the capacitive coupling into both sides tghotlne overlap capacitors.
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clk

Figure 4.2  Clock Feedthrough
Suppose the clock switches fromg\Mo O, the output voltage change caused by
the clock feedthrough is expressed as:
WC,

Dv'=V, ———>— 4.6
“ WCov + ChId ( )

whereC’,, is the overlap capacitance per unit width. Usuthllg error is relatively small

sinceWC'’o, is much smaller thaG . From the process we are usi), = 205aF / /m,
if C,4 =200fF, W=18mm, V, =33V, then the voltage change BV'» 60mV.

Although the voltage change is comparable withetiier caused by charge injection, it is
signal independent and can be offset by differemgplementation as in the decoder

design. Therefore, this error causes fewer problarttse decoder design.

4.1.4 Leakage Current

Except for the charge injections, there is anotimitation in the S/H circuit
design. This error is leakage current due to therse-biased drain-substrate junctions.
This error shows a slow change in output voltaglealiding mode. Droop rate is the term
used to evaluate its effect. If a switch pair igdisn the S/H cell as the switch, the

leakage currents fropMOS andnMOS tend to cancel each other.
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Normally this effect is not so significant in higipeed implementations and it is

very small in most CMOS designs. This is furthervan in the testing section.

4.1.5 Power Consumption from Op-Amp

The power consumption is a very important issughi@ decoder design. As
introduced in Chapter 2, the algorithm utilizestbudshold current application, therefore,
the power consumption in the core computation kdock very little. The power
consumption in the output interface is also neglegicomparing with the input interface.
The reason why the S/H cells consume so much pswest because of the S/H cell, but
because of the analog buffer, the unity-gain op-dmghe next section, several different
S/H circuit are introduced, however, the power comgtion problem remains the same
with all the different designs. This is also thasen why the power is separated in one
subsection.

The op-amp following S/H cell is used to stabilthe output voltage. As shown
in Figure 2.4, there are two stages of S/H circitthough the second stage S/H cell is
not exactly a resistive load of the first stage $4i, the capacitor in the second stage
shares the charge stored in the capacitor in teediage. If the buffer is not added, the

two S/H cells are connected as shown in Figure 4.3.

sel sel,

ok ot
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Figure 4.3 Two Stages of S/H Cells

When “sel’ is enabled and “sél is disabled, capacitor (41 holds the input

voltage V,, as soon as “selgoes off. While “sef’ is enabled and “sglis disabled,
output voltagev,, is then equal to half of the held voltagg (C,,, =C,4,) Since the

stored charge is shared by the two capacitors. Wheid, both “sel’ and “sel” are

enabled, then the output voltayg, is the same as the input voltage at the moment

“sel;” goes off. Therefore, even we use bigger inpuhaigwing to allow for half of the

signal loss, we still cannot get rid of the buffethe first stage.

\{Fd
|2/|5 Vb;as Mg [:

%Om M3 M4 jloim

M1 M M7
jHﬂE
1L

Figure 4.4  Schematic for Op-Amp
The schematic for a typical unity-gain two-stageaomp is shown in Figure 4.4.
The output is connected with the negative inputt pdrthe op-amp. M5 and M6 are
providing bias currents and the power consumetierop-amp is proportional to the bias

current. At the same time, the higher bias curmeans bigger transconductance, which
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leads to higher speed and higher gain. Therefoeretis trade-off between power and
speed.

Although there is only around 1mW power consumpfimnone cell if the bias
current is set to around 88, the entire interface consumes 90% power. Acpudtiere
is another possibility to lower the power consumptiSince the second stage S/H cells
connect with capacitive loads, the buffers at theoad stage can be eliminated. Almost

half of the power consumption can be saved.

4.1.6 Noise, Speed, and Area

The characters discussed above are associatedhsit8/H circuits while noise,
speed and area, the three common factors for erelpg circuit, are discussed in this
section.

A capacitor accumulates noise generated by othesensources, such as the
resistors. As in Figure 4.1, the on-resistancénefswitching transistor introduces thermal
noise and the noise is stored in the capacitor #fiee switch turns off. The total rms
(root-mean-square) noise voltage is expresseddii{3:

KT

V, = 4.7

rms
ChId

The equation tells us that the bigger the capadstahe smaller noise the circuit
has. Thus, the holding capacitor must be large gimdo assure the circuit performance,
especially in some high-precision applicationkdh be seen that Equation 4.5, 4.6, and
4.7 suggest bigger capacitance from the noise eetisp. However, larger capacitance

often means degraded speed and bigger area assisgdoelow.
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The speed of the S/H circuit can be estimated leytitme constant. The time
constant of the S/H circuit can be written as iu&gpn 4.6, which is the product of the
on-resistance of the switching transistor and thpacitance of the holding capacitor,
ignoring the input capacitance of the op-amp:

RonCria = Che = Sitt (4. 8)

. W . W
”%Cox Tveff /nnCox T(Vdd - th - Vin)

From this equation, we can see that the time cohsgaproportional to the
holding capacitance and inversely proportionah $witch transistor width. This means
smaller capacitors and bigger transistors give driggpeed. At the same time, a small
capacitor is highly recommended in the decoder daigign since it means small area.
The reason why small area is important to the decalsign is because one cell is
repeated many times according to the code sizeeldre, not only a small capacitor is
preferred in the cell design, but also the cellictire should not be too complicated to
contain many big capacitors. Comparing with theac#pr, the switch transistor always
occupies much less area, so there is no need thesetidth of the switch transistor to a
minimum width, however, we still want a small switbecause of the charge injection
effect.

As a conclusion, the capacitor and switch size khoampromise among area,
speed, and noise issues. With all these in minfferdnt sample-and-hold cells are

designed and compared.
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4.2 Different Sample-and-Hold Cell Designs

After getting the basic idea of the S/H circuit fpemance parameters, some
different S/H circuits are introduced in this senti A high-speed, small-area and low-
noise S/H cell is always desired in the decodet, tlhere is no perfect design, different
designs have their own pros and cons and can ksechwith different requirements. As
stated above, the charge injection error gets thet rattention. The cell designs also

focus on charge injection cancellation.

4.2.1 S/H with Transmission Gates

Usually a CMOS transmission gate, i.e., a switclr,pa used in the circuit
instead of one single NMOS switch [39][45][46], whiis shown in Figure 4.5. With an
identically-sized PMOS transistor in parallel, thieltage change caused by charge

injection can be reduced to:

C WL
2Chld

C WL
2Chld

DV'=

(\/effP - VeffN)
(4. 9)

(Zvin - ’th‘-'-vtn - Vdd)

. - VOUt

Figure 4.5  S/H Circuit with Transmission Gate
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The idea behind this approach is that if the sizthe p-channel transistor is the
same as the n-channel transistor, then the chajgetion due to each transistor cancel
each other when they are operated simultaneoukbig. résult is true wheN/, is in the

middle region between the power suppli&/.( =V, ) and the absolute value of the
threshold voltage of theMOS transistor\fy| is just the opposite value of the threshold

voltage of thenMOS transistorVi, (’th‘:vm). Unfortunately, these conditions are

seldom possible to achieve in practice. First thra-bff times of the P and N transistors
are different since the transistors’ sources armeocted with the signal to cause the turn-
off time signal dependent. Second it is impossib& the input voltage is always half of

the power supply voltage. Although charge injectiemor cannot be cancelled out

completely with a transmission gate, the clock fieexligh error can be mostly cancelled
out. Therefore, the S/H cell performs better usingwitch pair instead of one single

switch in the noise perspective.

Although the charge injection effect becomes légsificant with the switch pair
approach than one single switch transistor, theamniinteresting finding in this thesis. If
one single nMOS transistor is enough to transferiiput signal, it actually outperforms
the switch pair if it is used with differential infs.

As shown in Equation 4.5 and Equation 4.9, the gdhainjection error is
proportional to the input voltage by ratio of 1tire single transistor approach while it is
by ratio of 2 in the switch pair approach. This eskhe difference of the charge
injection errors of two input voltages even biggdath the switch pair application. It
should be noted that this is based on the assumpfitow input voltage to assure one

single nMOS transistor works. Also to simplify thmodel, the charge injection caused by
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subthreshold voltages is ignored. That is, if tgut voltage is lower than the threshold
voltage of a pMOS transistor, the pMOS transistasupposed to be off while the nMOS
transistor turns off when the input voltage is a@¥q - Vin). Although the switches can

be analyzed with its characters in subthreshol@nsg[47][48], it is not necessary in our
design since we can always set the voltage inpirtgsim the right range according to the
S/H requirements.

With these assumptions, one example with AMInt5Sprocessing is illustrated.

For example, C, =248F/ m?, V,, =065V, N,[=094V, g,=049/V,

g,= 059V, W/L=18 m/06 m, C,q = 200fF, V,, =5V, the absolute value of the

voltage change caused by the charge injection ésrehown in Figure 4.6 while the
differential charge injection error is shown in &g 4.7 withVe = 2.5V. From Figure
4.6, we can tell the switch-pair approach has td&sge injection error when the input
voltage is under 3V. However, as shown in Figuig the switch-pair approach always
performs worse than the single-switch one, wherdifeerential implementation is

adopted.



Figure 4.6

Figure 4.7

Calculations for Charge Injection Errors

Differential Charge Injection Errors
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For differential implementation, the main drawbafk one single switch
transistor is that it can only transfer low inpaitages since the nMOS transistor cannot
work if the input voltage is larger thaW4 - Vin). The above conclusion holds for one
single pMOS transistor too, except for it requifggh input voltage. Therefore, the
transmission gate is still used in the decoder withconcern of the input voltage swing.
It even intensifies the charge injection error tloe differential implementation, so more

designs are studied below.

4.2.2 S/H with Dummy Transistors

Another approach to minimize the charge injectisnto add some dummy
transistors [49]. The circuit is shown in Figur&.4ANormally the width of the dummy
transistor is set to be one-half of that of thetslwtransistor. When the clock waveform
changes fast, ideally half of the channel chargesdlinto the capacitor side and cancel
with the charge in the dummy transistor. Howevels seldom possible in practice since
the clock waveforms cannot change fast enought jade half of the channel charge flow
into the capacitor side. Also because of the firskepe of the clock waveform, the
switching times of different transistors are diéfiet, depending on the input signal range
as explained previously. Therefore, the dummy tsams cannot solve the charge

injection problem completely either.
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Figure 4.8  S/H Circuit with Dummy Transistors

4.2.3 Differential S/H Implementation
There are more studies on the charge injectionati@tion [43][50][51][52]. The

fully differential implementation is one of themigkre 4.9 shows one fully differential
S/H circuit. This implementation is supposed todide to cancel out all the charge
injection errors. This circuit is not a track-anoldh circuit as the circuits shown
previously. When S3/S3’ are off while all the otlsgritches are on, the circuit is working
at the sampling mode and the two outputs are tesie same value; as soon as S3/S3’
are on and all the other switches go off, the astghold the value at that switching

instance and work in holding mode.
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Figure 4.9 A Differential Realization of Sample-and-Hold

With this fully differential design, the chargeesjed by switch S2/S2’ appears as
a common-mode disturbance at nodes X and Y, sotlthgge injection effect can be fully
cancelled out. In reality, S2 and S2’ have somemaish, so another switch, Seq, must
be used in the circuit. Seq turns off slightly af&2 and S2’ but before S1 and S1’,
therefore it equalizes the charge at nodes X and Y.

This circuit can solve charge injection problemd #re differential design is also
suitable for the decoder system. However, the miffeal op-amp needs a common-
mode-feedback (CMFB) circuit to stabilize, andatea is almost 7 times the area of two
simple S/H cells with dummy transistors since guiees more capacitors, which occupy
much more area than the transistors. More impdytatiite circuit cannot work at high
speed because it cannot do track-and-hold. Thagelis reset to "zero" during the first
switch cycle (sampling) and "jumps" to the hold ualwhen the switch is off, this
requires the differential op-amp to have a largevsiate, which means degraded speed.
The output difference between a fully differentt&dH and a normal single S/H (also a

track-and-hold) is illustrated in Figure 4.10. Theghe simulation result from the circuit
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built in this thesis. With a sine wave voltage ihphe single S/H tracks the signal and
holds its value when the select signal goes offydwer, the differential outputs stays at a
common-mode level when in sampling phase and jutopthe two different voltage

outputs at the hold phase.

Figure 4.10 Simulation Results for Sample-and-Hold and Trac#-&old

There are several other advanced designs for 3dits [53][54][55]. Most of
them try to minimize charge injection (clock feadtingh). More S/H circuits can be
found in [39], but those circuits are trying to yide better performance with sacrifice to
the area and power. Since the decoder system mesidsple, small S/H instead of one
that consumes large amounts of chip area and pdhese circuits are not discussed

further in this thesis work.
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4.3  Test Chip for S/H Circuits

To verify the analysis of the different S/H cedlsd get some performance data

for the ongoing decoder, a test chip is fabricatesiccommodate different S/H designs.

4.3.1 Sizing of the S/H Circuits

This test chip used the switch pair instead of simgle switch for the reason
stated previously. Although a single switch tratmisvorks better than a switch pair in
the perspective of charge injection error with diféerential scheme in the decoder chip,
there is not enough input voltage swing for onalgirswitch transistor in AMI Orim
technology. The process data show that the thrdsholtage for a minimum length
nMOS transistor is around 1.17V if the input voetag around 2.1V with body effect.
This means the transistor barely turns on abov¥,2uhich is not enough for the input
voltage swing. The switch pair used in the decasl@rith the same size @MOS switch

andnMOS switch asML, then the time constant from Equation 4.6 is rdamias:

Chld C:hld

RonCh|d = -
gon— n + gon‘ p Cox VC/ (’nveffn + ‘%Veﬁp
Ch|d

Con Vo = Vi) = V(1 - [ - | |

)
(4. 10)

This calculation does not take into account sulstiwkl operation since at least
one of the transistors is working above threshdldl.roughly estimate the speed, the
clock period is supposed to be greater thaR,£L}, 4 to ensure the capacitor has enough

time to charge. The decoder chip is designed talibe to work at 1-10MHz. With AMI
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0.5 m technology and 3.3V power supply, the hold capace must be smaller than
673WI/L)fF from the calculation.

If 200fF is used in the S/H, the rms noise voltegaround 0.1439mV according
to Equation 4.5. This noise level is already fdolelmV, so basically the capacitance is
set to 200fF in this design to get higher speed aandller area. If W/L= 1.81/0.6 m

and C,,, = 200fF, 20R C,,, »10nS, so theoretically the S/H can work up to 100MHz.

Therefore, the speed bottleneck is not at S/Hfjtbelt rather the unity-gain frequency of
the op-amp which is always much slower.

The op-amp and the CMFB circuit involved in S/Hcaits are based on other
designs in [37][39]. Theoretically, a closed-loopity-gain op-amp ha# times higher
bandwidth than an open loop op-amp whare the gain. This op-amp has open loop
gain of around 85dB(17,300V/V) and its -3dB fregeyers around 700Hz, so the unity-

gain buffer has -3dB frequency at around 12MHz.

4.3.2 Test Chip for S/H Circuits

The test chip includes all the three circuits désaa in the previous section, the
S/H cell with transmission gate (Figure 4.5), thel $ell with the dummy transistors
(Figure 4.6), and the fully differential S/H cirt@Figure 4.7).

Different S/H cells are connected with the sameuingns, but different output
pins for separate testing. Since a voltage soumget iis used, the input ports of different
S/Hs can be tied together without much effect \egich other. The cells are as shown in

Figure 4.11.:
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Figure 4.11 S/H Cells in Layout
The right part of Figure 4.11 is the fully diffeteat S/H with CMFB, while the
one pair of the S/H with transmission gate and pa& of the S/H with dummy
transistors are at the lower left part. The uppérpart is the digital clock generator for
generating selection signals. It is easy to tedlt the fully differential S/H cell occupies

much more area than the other cells, as mentionttkiprevious section.

4.4  Testing Results for S/H Circuits
The testing results of the different S/H circuite &hown in this section. The
leakage current and charge injection effects astedeand evaluated in the testing with

the test chip described in the last section.
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4.4.1 Leakage Current

The leakage current of the S/H cell is measuredlserving the output voltage
drift in the held value over a period of secondBe Tesulting total leakage current is
quite small; the leakage current for a stored galthetween 0.5V and 2V is in the range
of 5.6 10%'A to -1.1 10*'A. Since a CMOS transmission gate is used in thiec8ll, the
leakage currents frorpMOS andnMOS tend to cancel each other. The testing result
shows a positive value of the voltage change, wihigans the leakage in tipMOS
transistor is slightly greater than in thiRlOS. The total leakage current is on the order of
10'’A, meaning that the possible voltage change is ardynd 10nV even if the S/H cell
operates as low as 1kHz. The testing result fuppheves that the leakage current can be

neglected.

4.4.2 Charge Injection Error Measurements

As stated in the last section, the test chip has peir of the S/H cells with
transmission gate (denoted with “pair” later), quar of the S/H cells with dummy
transistors (denoted with “dummy” later), and onbyfdifferential S/H cell (denoted as
“diff” later). For charge injection error measuremg each pair is connected with input
DC voltage source witNj, and Ve, and then the output voltage from each S/H cell is
measured. The voltage differenf¥ between the sampling cycle and the holding cycle
resulted to be from charge injection errors andctbek feedthrough.

The testing data shows that the charge injectioor érom the fully differential
S/H cell is almost zero for all the input levels, there is no data table for it. The only
flaw is the fully differential S/H cannot work wali it is input with select signal above

80kHz. The output shows a visible slope for thenaigto rise to the corresponding
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holding value if the frequency is too high. Theulegself proves the correctness of the
design methodology.
Table 4.1 shows the testing results of charge tigjecerrors from the other two

pairs of the cells. The results are further anayrethe next subsections.

Table 4.1  Testing Results of Charge Injection Errors
Vin DVin _ pair DVref _ pair DVin _dummy DVref _dummy
V) (mV) (mV) (mV) (mV)
3 4.08 2.88 15 6.8
A4 4.96 3.36 16.4 6.8
53 4.96 3.76 16.6 6.4
.6 5.92 4 17.8 6.08
v 6.24 5.12 17 5.68
.8 6.4 4.88 15 4.88
9 6.48 5.84 13.6 4
1 6.64 5.92 13.2 3.4
1.1 7.36 6.72 13 2.5
1.2 7.92 6.8 12 1.4
1.3 8.64 8.24 12 0.2
1.4 9.6 8.88 11.8 0
1.5 11.12 10.8 11.2 -0.2
1.6 13.04 12.8 12 -0.5
1.7 15.6 154 13 -0.8
1.8 18 17.56 14.8 -1
1.9 20 19.8 16.2 -1.5
2 20 19.8 155 -2.4
21 20 19.8 14 -3.4
2.2 20 19.8 12 -4.6
2.3 18.8 18.2 10 -5.6
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4.4.3 Charge Injection for S/H with Transmissiornt&saesting Analysis

To analyze the charge injection errors in the Sith wwitch pair, the data from
Table 4.1 are compared with the theoretical resfltBquation 4.9 in Figure 4.12. The
theoretical results are also based on the assumibizd the pMOS turns off with an input
voltage below 1.6V while the nMOS turns off where timput voltage is above 2.1V

according to the calculation from the thresholdagés with body effect.

Figure 4.12 Test Results from S/H Cells Comparing with TheoedtResults
Since the theoretical results are based on then@hHswitch pair, it is clear to see
the trend of the output from the S/H with switchrpa just the same as the theoretical
prediction in Figure 4.12. The only trend differenis that the tested charge injection

error tends to flat out for the low voltages and thgh voltages. The reason is because
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there are some subthreshold charges under thehswitch is supposed to be off in the
theoretical calculation. Also there is another layeason explained later. Those charges
help to flatten out the curve. However, there isoéiset of about 15mV indicated from
the figure. To find out if this offset is totallyedicated to the clock feedthrough effect, the
clock feedthrough error is recalculated with swigmdir. Equation 4.6 gives estimated
clock feedthrough error in the S/H with one singlatch. With a switch pair, the error

should be reduced to:

— VddW(Covp - Cc')vn)
WCc')vp +WCc')vn + ChId

(4. 11)

With C,, =287aF/mm, C,, =205%F/mm, C,, =200fF, W/L=18 m/0.6 m,

V,, = 33V, the feedthrough error caused a positive voltdggnge of DV'» 24mV.

However, the voltage offset from test is much mtivan this prediction. The circuit
layout is checked to find the reason for this dipancy. It is found that the “selbar”
signal line crossed the hold capacitor shown &3gare 4.13(a). The rightmost long dark
line of “selbar” is made with the metal2 layer whniis connected to the pMOS gate. The
area overlapping with metall is highlighted in thgure. The calculation from the
process data shows approximately 9.2mV of clocltfeeugh error. The “selbar” signal
goes from low to high when the cell enters holdtage, which explains positive voltage
change. Since “sel” signal doesn’t go through tagacitor, it won’t cancel out the clock
feedthrough error from “selbar” signal. Totally @mV clock feedthrough error is

presented in the calculation, which explains mdshe offset of 15mV. The rest of it
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comes from some other overlapping capacitors oresoimging effect. Overall, it can be
seen the theoretical prediction is quite accurate.

To further prove the clock feedthrough effect of thisplaced “selbar” line, the
difference between the “Vatdtmy' and “Vrefyummy' in Figure 4.12 shows about 10mV
offset. The reason is that the cell for the “Vgghy' is placed in the end of these cells,

which doesn’t have the “selbar” line crossed assshim Figure 4.13(b).

(a) (b)
Figure 4.13 Two S/H Cells
(a) S/H cell with transmission gate  (b) S/H cettwdummy transistors (Vr&fnmy
It must be noticed that the charge injection erfoye the S/H with dummy cells
are not with the same trend as the prediction f8kh with switch pair, and “Voummy’

even exhibits higher charge injection errors. Itasnd from the layout that the dummy
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transistors are the wrong size. The dummy transistsupposed to be half of the switch
transistor while it is laid out with the same sigemistake. Since the overlap capacitance
of the pMOS is higher than it of the nMOS and thendhy pMOS transistor is connected
with “sel” instead of “selbar” in the switch trasgr, more negative voltage changes are
presented. This explains why the charge injectioare go with the opposite direction

compared with the theory.

4.4.4 Conclusions for S/H Circuit

The design and test results are studied about/theiguit of the input interface
in this chapter. From the test results, it candenghat the design methodology predicts
the circuit behavior with reasonable accuracy. Vde select the corresponding S/H
circuit based on performance requirements. If aadeccan operate under 80kHz and it
can tolerate larger area occupation, the fullyedéhtial S/H is a good choice. For the
decoder working above 100kHz, a pair of S/H witimdwy transistors should be used for
the differential application. If the system hasmaall signal swing and has differential
inputs (i.e. both the input signal and the refeeenvoltage), one single switching
transistor should be used instead of the switclpag. To minimize charge injection
errors, we not only need to pay attention to thegie but also need to lay out the circuits
carefully.

The input interface occupies too much power conmgawith other parts in the
decoder design. In the future decoder chip deslgnsecond stage S/H cells should be
designed without op-amp to save power and areasggely.

There are many S/H cells needed for the decoderdiog to the code size. For

future large code decoder designs, they may ocdopymuch area, so there is a
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possibility of using an out-of-chip input interfasghich is not studied in this thesis work
and is left for future work. If we do not considbe area problem, the fully differential
S/H circuits should be a good choice for the inipi¢rface. More S/H circuits can be
studied and the connection circuit (i.e. amplifyigigcuits) between in-chip computation

core and the out-of-chip interface should be sthidewell.



CHAPTER 5
OUTPUT INTERFACE/COMPARATORS

After the discussion of the input interface, thepoua interface of the decoder is
introduced in this chapter. The decoder core coatfmrt block outputs analog currents
representing the possibilities of “0” or “1”, whicteed comparators to give the final hard
decision. After comparison, the digital signals das output serially using standard
digital approaches. This chapter introduces thaildet comparator design along with its
role in the decoder system performance. In Se&iaénthe basics of the comparators are
introduced along with the comparator used in theder chip; then Section 5.2 gives the

simulation results, also the test results aretiiied in the same section.

5.1  Comparator Design Methodology
As described in Chapter 2, the comparator is thgompart of the output
interface. A comparator compares the two input @paignals to output the digital
signals indicating which one is greater or smalWdter the digital signals are given, the
following signal processing can use standard digipproaches. In the decoder system,
the current outputs from the core computation stémd the possibilities of the

information bits. The final hard decision is givey comparing the possibilities of

ploit, = Oinput} and plbit, =Linput}. The code output bits decide the number of the

required comparators used in the decoder.
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The unique character of the comparator is thabihlmnes analog signals and
digital signals together. Although the output sigrere digitized, comparators have some
analog specifications, such as the input offseargd injection (kickback errors), and
resolution. Also a comparator has the concerngeéd, power, and bandwidth. Much
research has been done on comparator design tovepne comparator’s speed, lower

noise, and save power [56][57][58].

5.1.1 Switched-Capacitor Comparator

From all the specifications for the comparators, mmain resolution limitation is
from the input-offset voltage and the charge ingcterror. The input offset might be
caused by device mismatches or might be causedebigrd flaw or layout issues.
Switched-capacitor comparators can solve the imfiset problem since the offset is
stored across the capacitor during the reset plaaskethen the error is cancelled during

the comparison phase. Figure 5.1 shows one simpleh&d capacitor comparator [39].

Slasc

!
R Vout
>—0—| >

Figure 5.1  Switched Capacitor Comparator

Vin 82

Although the switched capacitor technique elimisatee input offset errors, it
introduces charge injection errors from the swisch&harge injection errors have been
discussed in the previous chapter. The simplest wwaseduce errors is to use large
capacitors, which reduces speed and adds arean,Agaifully differential approach is a

good way to cancel out the charge injection ertbes same as in the last chapter.
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However, it comes the expense of large area and gheed. For the comparator, there is
another approach to minimize the charge injectiororse, which is a multi-stage
comparator [39][43]. The idea is that the clockdtbeough of the first stage is stored on
the coupling capacitors between two stages, anceligeeliminating its effect. This
approach is always used together with the fullyfedéntial scheme to increase the
resolution of the comparator.

All these approaches try to get high resolutionshygrificing power, speed, and
area, which is not applicable for the comparatorthe communication chips. The most
common case for the communication chip is to ukdched comparator, which is often

used with multi-stages. The comparator used inth@sis work is introduced below.

5.1.2 Multi-Stage Comparator

Nowadays modern high-speed comparators often usdi-stage design
[39][59][60], typically one or two preamplifier gjas followed by a positive feedback
with a latch stage. The preamplifier not only ariigé the signals, but also helps to
minimize the kickback effects. Kickback denotes tharge transfer either into or out of
the inputs when the next track-and-latch stage foes track mode to latch mode. This
charge transfer is just as the charge injectionudised in last chapter, produced by the
channel charge flowing under the switching traossst

Although the multi-stage approach is limited in eppedue to the need for the
signal to propagate through all the stages, itstdhbe reasonably fast because each of
the individual stages can be made to operate Tagtically, each stage consists of a
single-stage amplifier that has only a°9phase shift and therefore does not need

compensation capacitors. The comparator used indéoeder design is composed of
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three stages: the differential amplifier, the trackd-latch, and the positive feedback

stage. The details of these stages are discuskasl. be

5.1.3 Differential Preamplifier

The first stage of the comparator is usually aedéhtial preamplifier. The
differential amplifier is normally composed of ordfferential pair of amplifying
transistors and one pair of load transistors. Siheeamplifying or load transistors can be
either P or N-type and the load transistors carither diode connected or biased, there
are totally four combinations, such as N-type afyiplg transistors with P-type diode-
connected transistors, and so on. The differeatigblifier used in our design has the P-
type amplifying transistors with the N-type diodenoected transistors. The analysis is
stated as below.

The emphasis of the preamplifier lies more on thedwidth and noise part
instead of the gain since the following stage pesi enough gain to the signal. The
preamplifier can even work with a unity-gain, aadaas it provides enough bandwidth
and low noise.

First, it is better to use pMOS transistors as #@nmeplifying transistor since
electrons are more susceptible to noise than hiblsssaid that electrons are more likely
to be trapped-and-released, which is one of thesiplly causes of flicker noise [61],
which is discussed in more detail in Chapter 6.ré&toge, having a differential pair with
p input transistors inherently reduces the noisellafter amplification of the signal.
However, it comes with lowered gain or increasedaarThe gain of a differential
amplifier is the product of the transconductancethed amplifying transistor and the

resistance of the load transistor. The transcoaget of the amplifying transistor is
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proportional to the mobility, and also the areaac8ithe mobility of the holes is three

times less than for electrons, three times mora aeeds to be used for the pMOS
amplifying transistor to obtain the same gain. Hoeve the increased size also means
less flicker noise since it is inversely proporabto the transistor gate area.

There is also trade-off between the diode-conndcdi@d and the biased load. The
diode-connected load provides a smaller resistémae the directly biased one, which
means the diode-connected load provides lower dgaawever, the bandwidth of the
amplifying transistor is inversely proportionallp the load resistance and the load
capacitance. For the preamplifier, again the gaisacrificed to the bandwidth, so the
diode-connected nMOS load is chosen for our apibica

The final differential amplifier used in the commeation chip is shown in Figure
5.2, where a pair of current mirrors is added amsfer the current inputs into the voltage

inputs.

vdd

inp inm

outp outm

[y e

1

Differential Amplifier

Figure 5.2  Differential Preamplifier Stage
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With the schematic shown in Figure 5.2, the gaid apeed of the differential

amplifier are calculated below. By expressig: andgmp as the function offp,

Rout = r.dsp//gi// r.dsn » 1 = = (5 1)

mn mn - W,
g Z”ZCox Tn I D

W
gmp = 2%Coxr I D (5 2)
p

the gain of the differential amplifier is calculdtas:

W, L
A = 0B = [ .9

p

Since m, is three times bigger thamy,, the width-length-ratio of the pMOS

transistor should be at least three times biggen thhe one of the nMOS transistor to
achieve unity-gain.
The speed of the comparator is calculated by comdpithe speed analysis of

every stage. The time constant of the differerdiaplifier is given by ..., = R,,C,,

whereR,; is the output resistance afgd is the load capacitance. They are calculated as

following:
Ry » - =t 5. 4)
gmn nzcoxveffn Wn
CL :WnexthextC(;x (5 5)
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L, XL W,
n next ,° "next (5 6)
Inlveffn W

n

t preamp = RoutCL =

where W,ext and Lnext are the width and length of the input transistbth@ next stage.
Equation 5.3 is a rough approximation excludingeottirain-source capacitances and the
overlap capacitances. From Equation 5.3, bigged ltansistor and smaller input

transistor of the next stage should be used tohggter speed. With AMI Orfin

technology, m =467cm’/Vxs if L _.=L =21m, V. =05V, then

next

preamp —

W ) . . . .
t = VC/EXt x018ns. Even if the same width is used for two transistdahe time

constant corresponds to frequency above 1Ghz, wiaictabove that required for the
decoder application.

The above analysis is based on above-thresholctoper It can be seen that the
speed is proportional to the effective voltageh& hMOS load transistor while the gain
is not associated with the drain current. Howetleose equations should be rewritten
when the nMOS works in the subthreshold region. oddimg to Equation 2.8, the

transconductances of the transistors are calcuésted

gmp:gmn:_ID (5 7)

The gain of the preamplifier reaches unity no miatte size of the transistors since the
gain is the ratio of the two transconductanceso Alie time constant of the preamplifier

working under subthreshold region is rewritten as:
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U C(;anex I-nex
t preamp = RoutCL = 1 kl t t (5 8)
D

It can be seen that the speed is proportional ® dhain current and inversely
proportional to the area of the transistors atnidne stage.
The circuit in the communication chip is supposedvork in the subthreshold

region. Therefore, the analysis for subthresholerafion is essential to the preamplifier
design. Again with the parametersC, = 248F/ m?, k=07, U, =26mV,

W

next

/L, =51 m/21 m, I, =50nA, thent =20 ns This speed corresponds to a

next preamp
frequency of 10MHz. Hence, the preamplifier alsbsfias the subthreshold application
in the decoder design. However, if there is a highgeed requirement for future

decoders, more research should be done to incileasemparator speed.

5.1.4 Track-and-Latch Stage

Once the differential input is preamplified, thgral needs to be quickly latched
to “vVdd” or “Gnd” to be digitized. The track-andtt circuit is the perfect circuit to do
this job [39]. The circuit used in the decoder dess illustrated in Figure 5.3. The two
input ports, “inp” and “inm”, are connected withethoutputs from the previous
differential preamplifier.

During the state when the latch signal is low, poannd voutm are both connected
to the source voltage Vdd via M9 and M10 and pregg As soon as the latch goes to
high, the circuit enters the latching mode andgbsitive feedback is enabled. M5 and
M7 form one inverter while M6 and M8 form the oth@he two inverters are cross-

coupled as modeled in Figure 5.4(a). Now eitherdviM2 provides a less resistance to
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ground depending on their gate potential (the geltaput for “inp” and “inm”). This in

turn leads to the corresponding output node diggh@rin a comparatively less amount
of time than the other node. Thl\ﬂg either vout|g/I (gltm starts going low and the cross-
coupled inverters accelerate this action by pasifeedback. This action is then further
intensified by the positive feedbagjgstage follgagthis stage. Finally one node sustains

the logic “1” level while the other drops to thegio “0” and completes the comparison

with digital outputs.

M1 vdd M2

R

I:IID vlatch C”:I

voutm ) vout

vout l: :l voutm

:“ vlatch Il:

e i

1

Figure 5.3 The Track-and-Latch Circuit
The time constant of the latch can be found wherking in the latching phase.

The analysis is based on the simplified model a¥ bck-to-back inverters, as Figure
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5.4(a), where each inverter is modeled as a voktagérolled current source driving an

RCload, as shown in Figure 5.4(b).

N &

L

(a) (b)
Figure 5.4  Back-to-Back Inverters as a Latch Model
(a) Back-to-Back Inverters as a Latch Model (h)iAearized Model of the Latch Stage

The inverter's transconductance is given By, = A, /R, where Ay is the

inverter’'s gain. With this model, we can get:

ivy=- LdVX-ﬁ (5.9)
R, dt R
Ay = Ldvy-ﬁ (5. 10)
R dt R

Let DV =V, -V, andf =R C_, Equation 5.7 and 5.8 are combined as:

dﬂ:DVu' (5. 11)
dt t

Therefore, the time constant of the latch is exgedsas:
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=K o =K (5. 12)

whereK is a constant between 2 and 4. If the necessdtggeodifference to reach the

logic level of the inverter iDV, DV, is the initial voltage difference, the required

ogic !
time for the voltage change is expressed as:
Cc,, DV

Zbp —2¢ =K In —20¢ (5. 13)
DV, mV,, DV,

From the AMI 0.3m technology, assumind = ,3L=21mm, m =467cm’/V xs,

VvV, =05V, DV, =2V, DV, =10mV, T_., = 0.245ns, then the required clock period

ogic atch
is about 0.5ns, which means a clocking frequency®@ifiz. This speed is already high
enough, however, again the analysis is based oaltbee-threshold operation with 0.5V

effective voltage. If the circuit is operating atbshreshold region, the time constant is

calculated as:

latch DVO k| 5 DVO

(5. 14)

m

If the same parameters are used for the calculatior 3, C_, = 248F/ m?,

W,

next

/Lo, ,=51m/21m, U;=26mV, k=07, |,=30nA, DV, =2V,

next logic

DV, =10mV, thenT,,, = 0.75ms which corresponds to clocking frequency of 500kHz

atch
Figure 5.5 draws the relationship betweégrandT.ch when the circuit is working at the

subthreshold region. It is easily seen from Fighbie that the time constant rises to the
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microsecond level from the nanosecond level at eltbreshold region, which means the

circuit can only operate under 1MHz when it is @pes in the subthreshold region.

Figure 5.5 Time Constant at Latching Phase of Subthresholer&jon

5.1.5 Positive Feedback Stage

As said before, there is a positive feedback stdp the track-and-latch circuit
to get the full swing of the digital signal, whicln be realized by a set-reset (SR) latch.
The circuit is basically a digital implementatioAdding with this stage, the whole

comparator is then shown in Figure 5.6.



85

reredwo) Jo onewsyos

9G ainbi-



86

5.2 Simulation and Testing of the Comparators
After the design for the comparator, simulationutes are presented in this
section, along with input offset estimation. Th&ameation uses Monte-Carlo simulations

with the mismatch data presented in Chapter 3.

5.2.1 Simulation Results

The simulation is based on AMI @mn technology and it is run in TSPICE.
Figure 5.7 (a) and (b) show the simulation reswits the input current levels of 30nA
and 2vA respectively. The output data file from TSPICEecessed in MATLAB. The
time difference between the input trigger signdateh” and the output signal “voutp” is
the delay time. Comparing Figure 5.7(a) with Figbré(b), the comparator works much
slower when the current level drops, which is thee as expected. The delay time is the
same as predicted in Equation 5.14. The compaar work up to 500kHz when
operating at 30nA current level while it can workthwmuch wider bandwidth when

operating at A current level.



Figure 5.7

(@)

(b)

Simulation Results for Different Input Currents

(@) 30nA Input =Current Level (b2 Input Current Level
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Except for speed consideration, the power consumgdtiom the comparator is
also analyzed. The power consumption is increas#id imcreased input current level.
However, even with then® input current, the power consumption is still yaround
the range of 18W, which is negligible comparing with the power samption in other
part of decoder. That reaches a conclusion thae tiseno need to put much effort on

power consumption deduction in the output interface

5.2.2 Monte-Carlo Simulation

The above simulations can predict the speed otdneparator, but it cannot tell
how much the input offset error the comparatorasg to have. To estimate the input
offset error, Monte-Carlo simulations are performed

Since the transistor’s operation mainly depend#&threshold voltage, which is
varying among different transistors. The variatointhe threshold voltage is often a
cause to mismatch error and input offset. In thentdeCarlo simulations, the threshold
voltage is set as a Gaussian variable meanygfgiwen in the process data. The variance
for this random variable is obtained from the mitshatesting in chapter 3. The
simulations are run 1000 times with a varying VibOevery different transistor. For the
1000 simulations, the other parameters are kepgtanged with two DC input currents.
The output from the comparator is a logical 1 oflde percentage of the logical 1 for the
1000 simulations is recorded. Ideally the percemtsigould be 50% if we give the same
input currents to the two input ports. Varying tbfset between the two DC input
currents gives different percentages. If xhaxis is the different input current offset and
they-axis is the percentage, a cumulative distributiorction (CDF) curve of a Gaussian

distribution is given. From this curve, the varianof the input offset voltage is
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calculated. The CDF curve from Monte-Carlo simualas for 300nA current level is

shown in Figure 5.8 as an example.

Data from simulation (300nA)
1.2
1
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Figure 5.8  Monte-Carlo Simulation Results for Comparator €atrinput Offset
Since the decoder cares more about the current ile\va&ibthreshold operation
region, the current levels are selected mainly udd@. Totally six current levels are
selected. After obtaining the figures, we can dakeuthe current input offset variances
for different input current level. The variance ahe normalized variance are listed in
table 5.1.

Table 5.1 The variance for the input offset current of diffiet input current level

linput 5 (ofer) S (lotser)
(nA) (nA) Linpur

30 14.46 48.19%
100 36.68 36.68%
300 75.68 25.23%
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500 103.96 20.79%
1000 160.84 16.08%
10000 1233.4 12.33%

To further analyze the simulation results, the redimed offset variances for
currents under 1A are shown in Figure 5.9. The tradeoff between groand noise is
shown from the figure. There are less mismatchremden increasing the current level,

which is what we expected.

Figure 5.9  Normalized Offset Variance vs. Current Level
For subthreshold and moderate inversion operati@gcurrent can be expressed

in EKV model as Equation 3.26, then the transcotahae can be derived to be:

0 =k—U|D|Sx(1 e'm) (5. 15)
T
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From this equationg./Ip vs.Ip curve is shown in Figure 5.10, it can be seen that

Figure 5.9 has the same trend as Figure 5.10. fféet @s proportional t@,/Ip value.

Figure 5.10 Gm/l vs. | from EKV model
FromFigure 5.3, the input transistors of M1 and kbdhibit the most offset
effects. For a single transistor as M1, its misimaffect is inversely proportional to its
input gate voltage. From the definition of the s@eonductance, the reciprocal of gate
voltage is proportional to Gm/I value, that's wimgtoffset should exhibit the same trend

as Gm/I. This is proved in the above simulationltss

5.2.3 Comparator Testing
The test of comparator mismatch is based on 16 tig#ncomparators

manufactured in the same chip. Four-bit binary almg signals are used to select one
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of the comparators for testing. For each comparagimg, the negative input port is tied
with a fixed reference current while the positimgut port is swept with current close to
reference current using binary testing method. Gimput voltage flips at certain current
above or below the reference current, which is @@ as the input current offset.
Totally five identical chips are tested. After abtag the testing data, the mean and
variance of input current offset for each chip eaéculated and normalized afterwards.
Finally we average the data from five chips andfthal data for different current level

are shown in Figure 5.11.

Figure 5.11 Test Results of Input Offset Error from Five Chips
From the figures, the testing results show cleandrof decreasing offset effect

with increasing current level. However, there isoffiset error since the data varies from
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positive region to the negative one. The causéhefmeasurement offset has not been
found. Luckily, it does not affect the verificatioh the comparator design.

Basically the data are still convincing since tlitsset mean value and variance
show the right range and are with the same trenahgrthe five chips. There are only 16
comparators in one chip, which is too small a numtze show the Monte-Carlo
distribution. There is another reason the measoifsdt results do not show clear Monte-
Carlo distribution is that the five chips are mautfired in one wafer closely and all the
comparators may be distributed in the same dinecfldne variance calculated from the
testing is only for verification of the measuremeotrectness.

The mean value curve from testing in Figure 5.1tdampared with Figure 5.9
from simulation. The percentiles in Figure 5.9 dtdor the variances of possible input
current offsets from Monte-Carlo simulation whileetpercentiles in Figure 5.11 stand
for the average from measured current input offeétBve chips. The absolute values
would not be exactly the same between the two sytvewever, the trends and ranges of
two curves are compared. With the increasing ctiteael, the comparators have smaller
input offset effects. It is also shown that thecpatiles from the two figures are in the
same range, and the percentile difference betweaen current levels is compatible
between the two figures.

This shows that the Monte-Carlo Simulation usechwiteasured mismatch data
can give a reasonable estimation for the comparnagut offset. These analyses are
important to the decoder performance estimationstaged in Chapter 3, the mismatch in

the comparators affect the decoder’s performanbes &ffect is more obvious with low
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current implementation, when the comparator haseatgr offset. Therefore, it is very
important for the decoder, which operates bettasuisthreshold.

This chapter gives detailed analysis for the comearused in our design. For a
larger code decoder design, there is no need toowepthe power performance in the
comparator part since it consumes much less pdveer the other analog circuits in the
decoder design. However, in a future design, mankwhould be done in improving the
current comparator mismatching performance. Esppgeidien there is a need for a high-
speed comparator, more comparator designs shouékflered. There are many other
studies for the comparators, some of which try amnpensate the offset and charge
injection errors [60]. Perhaps a switched capaatomparator has better performance at

the perspective of offset errors, but it consumesenarea [58].



CHAPTER 6

CORE DESIGN

The input interface and output interface of thel@paecoder are described in the
previous chapters. This chapter introduces the coatipn cell design in the decoder
core. The design issues include noise, chip ameh,pawer consumption of the analog
circuits. The different cells of the decoder ar&dduced in Section 6.1. Section 6.2
introduces the noise analysis for one cell of theodler. Along with the noise analysis,
an improved cell design is given. Section 6.3 gittes simulation results for these

different cell designs. Finally, Section 6.4 illeges the testing results.

6.1  Computation Cells in the Decoder
Decoders use a variety of computational cells @ize a complete decoding
algorithm [25]. The decoder we are building usdgedkntial pair cells, multiplication

cells, and normalization cells.

6.1.1 Differential Pair Cell

As introduced in Chapter 2, the decoder has anabiigge inputs representing
the log-likelihood ratio (LLR) of the currents. Afférential pair is used to transfer these
LLR voltages into currents. The differential paircait used in the decoder is shown in

Figure 6.1.
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Figure 6.1  Differential Pair
When the differential pair is working in the sulgsinold region, the current is an
exponential function of voltage as shown in Equat2o8. The relationship between the

input voltages and the output currents of thisutircan be expressed as:

V. -V_.=—-In L =—In L (6.1)

wherea = /Ut » 27 V* at room temperature. Given the parametewe can calculate
the corresponding input voltage level to represeatLLR value when the current values

I, andlo represent probabilities of 1 or O.

6.1.2 Computation Cell

The output currents from each differential pair seat to the computation cells.
Typically, computation cells following differentigbairs complete the sum-product
operations. In the computation cell, as statedhagfer 2, the decoder uses a Gilbert cell

for multiplication and then adds the currents bindytheir wires together. These
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operations are introduced in detail in Chapter @ @e Gilbert cell is shown in Figure
2.3. The figure of this circuit is not repeateddjdsut it is shown later when combined

with the normalization cell.

6.1.3 Normalization Cell

All the output currents in the decoder must be radized, so the normalization
cell is added for any combination of multiplicatidunctions. Another reason for the
normalization cell is to transfer current outputeni nMOS transistors into current
outputs from pMOS transistors. Then the outputents can be used for nMOS inputs at
the next stagerhe normalization cell is also implemented as la€i cell.

With 2x2 inputs, a basic multiplication cell witlour outputs is illustrated in
Figure 6.2. Typically the input currents of inBOdamB1 are normalized with the same
lnorm Current. Therefore, the output current is writksnthe normalized current product of
the corresponding inA branch and inB branch. Fangxe, the output current of out0O0 is

written as:

. _
norm inAO — inAO
= . X—————=|. x—
IoutOO | + | I|nBO | + | I|nB0 | + | (6 2)
inBO inB1 inAO inAl inAO inAL
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Figure 6.2  2x2 Inputs Computation Cell
The cell in Figure 6.2 is symmetrical. Thereforalyohalf of the cell is used in

the performance analysis. This basic half-cellayeincludes both a computation cell

and a normalization cell as shown in Figure 6.3.
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Figure 6.3  Basic Cell for the Decoder Computation Core

Transistors M1, M2, M3, M4, M5, and M6 form a Gitbenultiplication cell, as
originally shown in Figure 2.3. The output currefitsving through M4 and M5 are the

products of the normalized current of the inA blfaneith the current of inB (i.e.
inAO

inAl
inAO +inAl

¥nB and ——————xnB, respectively). Afterwards, the currents are
iNAO0 +inAl

normalized through transistors M7, M8, M9, and Miubiich are combined as a pMOS

Gilbert cell. The output currents from the pMOSnsiators are the products of the

corresponding current inA and the normalizatiorreutr.
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l inAO l inAO

= % AaY = A1
IoutO (I out0 + Ioutl) | + | Inorm | + | (6 3)
inAO inAl inAO inAl
ot = (oo + o) %= Lo (6. 4)
outl — \'out0 outl | +1 ~ Ynorm | + .
inAO inAl inAO inAl

Figure 6.3 includes the basic functions that aexlus the decoder design, so it is used

for noise analysis in the following section.

6.2 Noise Considerations
Noise analyses can be performed based on both domm&in analysis and
frequency-domain analysis. In the time-domain, lg@aroot mean square (rms) value is
used to calculate the noise power:

_ 1 %,
Y T o v (t)dt (6.5)

n(rms) ~
0
where Ty is a suitable averaging time interval. A londeris preferred to give a more
accurate rms measurement. It is customary tddejo to infinity to calculate the noise
power.
It is common to analyze the noise in the frequedoynain, where noise is
represented by its power spectral density (PSD)thin frequency domain, the noise

spectrum shows how much power the noise carries cartain frequency. The voltage

noise has units o¥//+/Hz .
It is important to note that the noise discussetthis chapter is nagxtrinsicnoise

(or interference), which results from unwanted dimgp between the circuit and the
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outside world. Rather, we consider thérinsic noise produced by the transistors in the
circuit. An example of extrinsic noise is power glypnoise; this type of noise may or
may not appear as a random signal. For MOS tramsjshermal noise and flicker noise

are the dominant sources of intrinsic noise comsaie the circuits [61].

6.2.1 Thermal Noise

Thermal noise poses a fundamental limitation onpifeeision of analog circuits.
Thermal noise is generated by the random thermalommf electrons in the channel
[61]. From theory, the thermal noise is directlpportional to absolute temperature
and it also approaches zero whdn approaches zero. Thus, thermal noise sets
fundamental limits on the dynamic range achievabkgdectronic circuits.

Thermal noise is “white,” which means its PSD isaamstant, not a function of
frequency. For example, the thermal noise from amdistor can be expressed as

fluctuations in its drain-source current having fhilowing variance:
. 2 2
i =4KT 30 (6. 6)

where the factor of 2/3 is an empirical parametet tnay vary slightly with the process

and the drain-source voltage [62][63].

6.2.2 Flicker Noise
Flicker noise, also known asflhoise, is a type of noise found in all active
devices. Different than thermal noise, flicker mo@ly exists in association with a direct

current. The origin of flicker noise varies, buisitcaused mainly by traps associated with
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contamination and crystal defects [39][64]. Thisthe primary reason why MOSFET

transistors have higher levels of flicker noisentlgpolar transistors, since the silicon-
SiO, boundary under the gate contains many traps. Tinggse capture and release holes
or electrons in a random way such that the noigeasihas energy concentrated at low
frequencies. As its nickname suggests, the powecrtsg) density of the flicker noise is

usually proportional to 1as:

I a

fb

i2(f)=K (6.7)

wherea is a constant observed to lie in the range 0B while b is a constant around 1.

K is also a constant arids the DC current. Usuallll cannot be determined by theory
and varies for different processes. The flickersadrom a transistor is modeled in the

next section.

6.2.3 Noise Model for a Transistor

Adding thermal noise and flicker noise togethee, loise model for a transistor is
shown in Figure 6.4(a). Usually the flicker noisemore easily modeled as a voltage
source in series with the gate in the transistasenaodel, which is shown ag, in
Figure 6.4(a). The drain-source current sourcdq@frepresents the thermal noise in
Figure 6.4(a). When the transistor is operatinigwtand moderate frequencies, the noise
model can be simplified as one single voltage ns@ecev;, in series with the gate as in

Figure 6.4(b) [39][65].
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(a) (b)
Figure 6.4  The Noise Model for One Single Transistor
(a) Complete Noise Model (b) Simplified Model foow and Moderate Frequencies
The voltage noise and the current noise are exgiess Equation 6.8 and
Equation 6.9. Combining these two equations, thgpkiied noise model is expressed in

Equation 6.10.

K
VAl , 6.8
" WLC,, f (6.8)
. 2
ig, =4kT = g, (6.9)
3
vozar 2 L K (6. 10)
' 3 g, WLC,f

6.2.4 Noise Calculation for the Decoder Cell

The noise analysis starts from the transistor thémoise calculation. The basic
computation block within the core, as shown in F&g8.3, includes all the basic circuit
blocks, so it is used for noise calculations. Thdennumbers are denoted in the figure.

As discussed in [43], the noise from a differenpiair can be calculated from one branch
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of the pair, and the total noise power is simplicenof the calculated noise power. With
this in mind, the noise analysis for Figure 6.3 &arus on left side of the circuit, from
input inAO to output outO, mainly the transistor8 MM4, M7 and M8. The current noise
from M3 is combined with the gate voltage noisé/df.

o= Boar Ly 1

gm3 gm4

(6. 11)

This gate voltage noise causes the current noib&tlirand therefore produces the
voltage noise at node 8. Except for this brancha$e, the noise caused by M8 and M7
are also combined into the gate voltage noise @ 180

v :§><4kT i+i +V2, xg2, ><i2 (6. 12)

Ome G m8
The output current noise at node outO is presebjethe product of the gate voltage

noise at node 8 and the transconductance of M7:

t2

Inouo = Voo Oy (6.13)

Substituting Equation 6.11 into Equation 6.12, #meh substituting Equation 6.12 into

Equation 6.13, the output current noise is caledlas:

o _BKT O 4 g 5 Ina 4 O oIy
m4

In,outO - x gm7 +

3 Ors O Oms Ui

(6. 14)
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As stated above, the total output current noisegoaw twice of the calculated noise

power:

2 2 2
iliom — 16kT R« gm7 4 Im7 gm7 + gm4 gr2n7 + gm4 Vgr2n7 (6, 15)
3 Ome Ome  9ms YGms

The gain from the input port of inAO to the outmdrt of outO can be approximately

written with the device transconductances as:

A_ out - gm4 >(gm7 (6 16)
Iin gm3 Xgm8

Using Equation 6.15 and 6.16, the input-referredendrom inAO port can be calculated

as:

i2 — 16kT gm3 Xgm8 X gm7 + gm7 + gm4 ng7
n,in gm7 gm4
3 gm4 Xgm7 gm8 gm8 gm3 gm8

_16KT  9rne *Ums , Ome s , Jms
- 2 2 Om3
3 gm4 Xgm7 gm4 gm4

(6. 17)

The flicker noise of each transistor is modelecEguation 6.8. With the same
analytical method, the input-referred noise fromk#r noise can be added. Supposing
the transistors have the same flicker noise pammgtthe final noise power adding to

Equation 6.17 is as follows:
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2 2 2 2
i2 - 16kT X gm3 ><gm8 + gm3 ><gm8 + gm3 + gm3 +

"3 92,0 94 O

2 o2
}'< O3 :gm8 1 + 1 + ngn3 1 1
Coxf Ome WL, Wl Wk, WL,

(02,6

(6. 18)

This expression for the input-referred noise powar be used to guide the sizing

of the transistors in the computation cell, as showthe following subsection.

6.2.5 Resizing of the Computation Cell

In previous decoder designs, the transistors aerhaving identical widths and
lengths [8]. However, this uniform device sizingedonot give the best noise
performance. Equation 6.17 tells us that smajlgrandgng and largeigms andgm? give
better noise performance. To relate transconduetariih transistor size, two transistor-
operating regions should be considered separately.

In the subthreshold region, transconductance ig rdportional to drain current,
as shown in Equation 5.7. While working in stromyadrsion, transconductance is
proportional to the square root of the transistaithvlength ratio. In reality, there is no
clear boundary between strong inversion and weadrgon. Equation 2.6 gives a rough
boundary approximation using drain current. If thrain current is bigger than kQthe
transistor is considered as working under strorgrsion, while the transistor is working
under weak inversion if the drain current is bel@ddls. Is is expressed in Equation 2.7,
and is proportional to the transistor width-to-léngatio. A biggerls lets a transistor
work in weak inversion region more easily and weesa. Therefore, even with the same

drain current, a wider transistor operates in thktlweshold region while a narrower
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transistor operates in the above-threshold regidrus, the transconductance varies
significantly in moderate inversion as we chalgke with a fixed drain current.

From the flicker noise analysis in Equation 6.18yé set the transconductance
ratio of M8 and M4 small enough, the area of M7 8MRlis less important as compared
with M3 and M4. Since the mobility of the pMOS dewiis three times less than that of
the nMOS device, the transconductance of M8 is lemtilan that of M4 even when the
same size while working in the strong inversionigegHowever, the transconductance
of M4 and M8 are the same when working in the wieakrsion region. Therefore, it is
best to let M8 work in the strong inversion regemd M4 work in the weak inversion
region. This is the basic idea used to set differ®mes of the transistors in the
computation cell. Typically the input transistovh a dominant influence on the flicker
noise if the transconductance of the transista@sat correctly [66][67].

To calculate transconductance, the EKV model dsmdisn Chapter 3 gives a
good model covering all regions of operation frotrorsg to weak inverison. From

Equation 3.26, the transconductance can be cadcliest following:
ki1l
U =—UD > x(1 e'V'D"S) (6. 19)
T

Is iIs shown in Equation 2.7 as a function of tramsistidth-to-length ratio. Figure 6.5
shows the relationship between transconductancewadth-to-length ratio from the

above equation. The curve is plotted for 500nAraifrdcurrent.
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Figure 6.5 Gm-W/L Curve with 500nA Drain Current

It can be seen that the transconductance dropsisagtly when the width-length
ratio drops below 1. Therefore, with the same dsaiarce current, M3 and M8 are drawn
as narrow transistors while M4 and M7 are drawnwade transistors. With this
reconfiguration, the system has less input-refenade according to Equation 6.18.

Equation 6.18 also shows the contributions of 8ickoise. Although it is hard to
model the flicker noise with fixed parameters, K&c noise is inversely proportional to
the transistor gate area. However, bigger transidead to degraded operating speed
since circuit time constants are proportional t® glate capacitance. Fortunately speed is
not necessarily the dominant concern in a largee aetoder. The computation cell is
working in parallel after all the input bits arriveshich means the required speed for

computation cells is only the data throughput drddby the code size. This consideration
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is discussed in Chapter 2. However, small transis@are much preferred in the
computation cell for area reasons. As indicate€lvapter 3, the computation cells are
duplicated many times for large codes.

With all the basic performance requirements, thadistor size can be decided by
the code size based on area. For a decoder, shesti®p is to set an area requirement, and
then the corresponding optimized transistor sizessat. For example, if the transistor
area is fixed to only 8n? and the minimum length used ist8, it is the best to set the
width length ratio of diode-connected transistar®tm/4 m and the other transistors to
4 m/2 m.

To compare performance with different transistairgj, three different cells are
built. One cell is built with all the transistonzed with 4 m/2 m; the second one is built
with the transistor size indicated in last parabrafnally the third one is built with

transistors with larger area, but the same widtigile ratios as the second one.

6.3 SPICE Simulations
SPICE simulations can effectively check the desigd provide the comparison
among different cells. SPICE also offers optimiaatfunctions to obtain an optimized

design for complicated cells. The simulation resale presented in this section.

6.3.1 AC Simulation
The AC simulation for the cell is run from 1Hz td#Hz, which covers the
needed frequencies for decoder operation. The atoal tool used is TSPICE. The

simulated cells are described in the previous @ectifrhe first cell is denoted as
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“cellbefore”, the second cell is denoted as “cédief and the last cell is denoted as
“cellbigger”.

The cells are simulated with different input cutréevels. The SPICE model
provided by the silicon foundry did not includecler noise parameters. Therefore, the
simulation results only show the thermal noise affe From the thermal noise
calculation, “cellafter” and “cellbigger” should Yathe same noise level since the width-
length ratio is the same between these two celfls.Simulation results are listed in Table
6.1. It can be seen that the trend is the sameeapredicted in the previous section:
“cellafter” has much less input-referred noise pothan “cellbefore,” while there is little
difference between the noise performance of “delfafand “cellbigger”. The minor
difference between the latter two cells may coneenfslight different width-length ratio

due to the “effective length” effect.

Table 6. 1  The Noise Simulation Results for Different Celldiyns
Input current level CellBefore CellAfter CellBigger
(nA) 102Axmsh/hz | 10”Axmsi/hz | 10%2A xmsi/hz
30 0.422 0.259 0.258
300 0.960 0.486 0.490
1000 1.492 0.692 0.695

With some flicker noise parameters measured frosvipus chip testing, the
flicker noise could be simulated as well. The dffafcthe flicker noise is shown in Figure
6.6. The input-referred current noise power is sh@s a function of frequency. The
curves are shown with the input current level o0r88. From the figure, “cellbigger”

exhibits the least flicker noise effect as designed
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Figure 6.6  Cell Noise Simulations

6.3.2 Optimization Simulation

For more complicated cells, it is good to use oation simulations provided in
SPICE tools. To illustrate the use of the functitdme cell in Figure 6.2 is used as an
example. In order to let SPICE find the best sethe transistors, the fist step is to
separate the different transistor functions. Faougs of transistors can be set in Figure
6.2: the diode-connected nMOS, the computation nMD& diode-connected pMOS,
and the computation pMOS. The next step is to $reied area for those cells according
to the code size requirement. Finally, the optitmerafunction in SPICE is used to find
the best size for each group. As the example,ithelation code is listed below:

.ac DEC501 1e6
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.noise v(out00) iin

.print noise inoise(total)

.measure ac minnoise min inoise

.optimize opt1l model=optmod analysisname=ac

.paramlimits optl WPmirror guessval=2u minval= 2axwal= 30u
.paramlimits optl WPcell guessval=2u minval= 2u wadx 30u
.paramlimits optl WNmirror guessval=2u minval= 2axval= 30u
.paramlimits optl WNcell guessval=2u minval= 2u r&x 30u
.optgoal optl minnoise=1.5e-15 minval=1e-15

.model optmod opt cendif=1e-9 close=0.001 cut=8izfifle-3 grad=1e-6
+  itropt=100 max=600000 parmin=0.1 relin=0.08but=0.001

.end

The simulation results from this example showeddhme trend as the one we
designed previously. The diode-connected transissbould have smaller width-length
ratio while the other transistors are wider. Thessilts further prove the correctness of
the proposed design methodology. Also, it showsaoibtemization tool is a good choice
for future complicated cell designs, which may b#iallt to solve with analytical

calculations.

6.4  Testing Results
The three different cells are built in a test chyith AMI 0.5 m CMOS

technology. The noise performance of the circgithen measured in the laboratory.

6.4.1 Test Setup

The output from each tested cell is connected titroa low-noise preamplifier
(Stanford Research Systems SR560) to a 100-kHzrape@nalyzer (Stanford Research
Systems SR785). The cell is given a particular witent level as input, and the output

current noise rms value is recorded by the spectnalyzer. At each dc current level,
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the gain of the tested cell is also tested. Firthidyinput-referred current noise rms value

of the corresponding cell is calculated as the wutpirrent noise power divided by the

gain.

6.4.2 Test Results

Using the described setup, the test results dezllia Table 6.2.

Table 6. 2 The Noise Testing Results for the Different Cedisigjn
Input current level CellBefore CellAfter CellBigger
(nA) 102Axmsh/Hz | 102Axmsh/Hz | 10"A xmsh/Hz
30 1.335 0.822 0.521
300 7.420 3.590 2.272
1000 14.247 8.562 5.314

The noise has the same trend as predicted in bycalgulations. Comparing
Table 6.2 with Table 6.1, we see that the measnoéske is higher than this simulated
noise. This is because the measured noise incthdeilicker noise effect. Also because
of the flicker noise effect, “cellbigger” has theakt input-referred noise, as we predicted.

From the testing results, “cellafter” has arountf tiee noise of “cellbefore” for
each current level, although the two cells have same area. The noise difference
between “cellafter” and “cellbigger” is significanbut not as large. It illustrates the
advantage of using different width-length ratio amaransistors if there is more room to
change the ratio when the area and minimum tramdeshgth allow.

Our simulation results and the experimental resdtsirm the basic guideline of
sizing the computation cell in the decoder. Transssrealizing the Gilbert multiplication

function should be designed with a larger widthgkinratio, while the diode-connected
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transistors should be designed with a smaller wieltigth ratio. Within the constraints of
the limited layout area requirement, bigger trasss(larger gate area) have less flicker
noise.

As predicted by our noise analysis, the redesigra@dputation cell has much
lower input-referred noise than the previous omlecaigh they consumed the same layout
area. Further study can be extended to the optiioizdool provided by the SPICE

simulation.



CHAPTER 7

CONCLUSIONS & FUTURE WORK

After separate block analyses for analog errorrobecoders, the conclusions of

this dissertation are reached in this chapter,caeith future work.

7.1  Conclusions

This dissertation has demonstrated the feasilafitgalizing MAP-style soft error
control decoders with analog CMOS circuits. Althbugany researchers have studied
these decoder designs, there has been little ithd=gruit-level analysis of the analog
decoders. In this dissertation, we have presenpeaplete analyses for optimizing the
analog subcircuits used in decoder designs.

The decoder design is based on an extended (8adnthg code decoder chip,
which is fabricated in AMI 0.5um technology. Thecdder utilizes serial input/output
interfaces to accommodate the need of traditiomshraunication applications. The
decoder chip is tested with 3.3V power supply axkeral different throughput rates. The
test results prove the robustness of the systenghwdan be extended to similar soft-
input decoders using the MAP algorithm. This is fin&t real test data from those kinds
of analog decoders.

The focus of this dissertation is the circuit leagahlyses for every subcircuit used

in the decoder design. The decoder can be specifidtiree blocks: the input interface,
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output interface and computation block. SampleHaoid; comparator and multiplication
cells are the major circuits used in these threels, respectively. This thesis covered
both the design methodology of these circuits axjgeemental results measured from
fabricated chips. The tradeoffs among noise, powe¥a and speed are characterized.
Finally conclusions are reached for each circuieétermine the most suitable circuit for

the desired decoder.

7.2 Future Work
Although this thesis work has given insight to thealog circuit design
methodology for decoder design, there is still masearch to be done in this area. This
is also an interesting topic in analog circuit aggdions. This section lists the direction of

future work related to this research.

7.2.1 Large Code Decoders

The decoder discussed in this dissertation useshal €ode size. The circuits
studied in this thesis have not yet been appliddrige-code decoder designs. This is the
main focus of future work, which is to realize awalarge-code decoders.

With the increase of code size, an off-chip inpi¢iface should be used in future
research. Since the pipelined architecture requives S/H stages and every stage
requires two S/H cells to provide the differentigbuts, the input interface may consume
too much chip area for successful integration. Mwee, the main power consumption is
from the input interface, future work should comsidhe merit of an off-chip input

interface.
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The algorithm itself is robust with even larger esd however, the related
interface design should be analyzed with a higheighting given to area consumption

and speed, based on the tradeoffs discussed idiisisrtation.

7.2.2 Circuits Considerations

There are always numerous circuit designs availabteno end of novel analog
circuit research. For example, other current comtpardesigns, including switched
capacitor comparators, are not covered in thisighegt should be investigated in the
future for the consideration of less mismatch earwat higher speed.

In Chapter 6, we have indicated that automatedropdition can be used for cell
design. With increasing cell complexity, automatgdimization is more demanding and

more efforts can be made in this area.

7.2.3 Coding Theory

In this dissertation, the analog circuits are omlgplied to one decoding
technology, i.e., extended (8, 4) Hamming code diecp There are many other error
control coding theories which are not realized &ested in CMOS yet. They are also
suitable for the analog decoder application. Spaece coding theory [68][69][70] is one
example, which is used for some constantly changirannel. Therefore, more research
should be done in order to implement analog ciscwiith more advanced coding

theories.

7.2.4 Testing
As stated in chapter 2, there are some testingdiimns caused by equipment.

These restrictions cause performance loss andlsettan testing speed. Moreover, we
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want to use importance sampling [71] for high SNfRl&ations to save time. Since the
importance sampling method uses the error centaraufde, it requires a more accurate

test setup. More robust test setup should be funtivestigated.
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