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DESIGN AND REALIZATION OF A HIGH-SPEED 12-BIT PIPELINED
ANALOG / DIGITAL CONVERTER IP BLOCK

ABSTRACT

This thesis presents the design, verification, system integration and the physical
realization of a monolithic high-speed analog-digital converter (ADC) with 12-bit
accuracy. The architecture of the ADC has been realized as a pipelined structure
consisting of four pipeline stages, each of which is capable of processing the incoming
analog signal with 4-bit accuracy. A bit-overlapping technique has been employed for
digital error correction between the pipeline stages so that the influence of possible
errors that occur during analog signal processing can be minimized. The entire circuit
architecture is built with a modular approach, consisting of identical blocks organized
into an easily expandable pipeline chain.

All analog as well as digital sub-blocks of the ADC architecture presented in this
work operate on a single clock signal (and its inverse), which significantly simplifies the
design while ensuring a more robust performance. Other important features of this ADC
include small area, single power supply, low power consumption, capability to operate
at very high sampling clock rates, and the ability to handle a wide range of input signal
amplitudes. The analog processing modules were designed using single-ended signals
and the single-ended building blocks (as opposed to differential signals and building
blocks) for simplicity. The ADC architecture was realized using a conventional (.18
micron digital CMOS technology (Foundry: UMC), which ensures a lower overall cost
and better portability for the design.

The ADC architecture presented in this work is capable of operating at sampling

frequencies of up to 200 MHz, and still can achieve the nominal bit-resolution that was
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intended for 12-bit accuracy. The entire circuit is designed with single 1.8 V power
supply. The maximum range of the input signal amplitude that the ADC can handle is
1.6 Vpp, with 1.8 V supply voltage. The input signal range as well as the operating
points of critical components can be adjusted externally using dedicated control pins.
The overall power consumption is estimated as 67.5 mW at 200 MHz sampling rate.
Each 4-bit pipeline stage consists of a 4-bit flash A/D converter, a fully capacitive
multiplying DAC (MDAC) and the corresponding digital encoding circuitry. The
overall silicon area of the ADC is approximately 0.25 mm®.

The ADC architecture presented in this thesis is intended as a state-of-the-art data
~converter for very high-speed applications such as digital video transmission or high
handwidlﬁ wireless émnmunicatinn needs. It can be used either as a stand-alone single-

chip unit, or as an embedded IP block that can be integrated with other modules on chip.



OZET

Bu tez, 12-bit dogrulukla calisan bir monolitik yiiksek hizli analog-sayisal
déniigtiiriiciiniin  (ADC) tasarimi, smnanmasi, sistem diizeyinde tlimlegtirilmesi ve
fiziksel tasariminin gerceklestirilmesi agamalarindan olusmustur. ADC’nin mimarisi,
herbiri gelen analog isareti 4-bit dogrulukla isleyebilen dort kademeden olugan bir veri
volu yapisi olarak gergeklestirilmistir. Analog isaret islenmesi sirasinda meydana
gelebilecek olast hatalarin etkisini en aza indirebilmek amaci ile veri yolu kademeleri
arasindaki sayisal hatalar diizeltmek ig¢in bir bit-gakistirma teknigi kullanilmigtir.
Devrenin tiim mimarisi, benzer bloklarin kolayca genisletilebilir bir veriyolu zinciri
biciminde dizilmesinden olugan, modiiler bir yaklagimla sekillendirilmigtir.

Bu ¢alisma kapsaminda ele alinan ADC mimarisinin tiim analog ve sayisal alt-
bloklar, tasarimu belirgin bigimde basitlegstirmek ve aym zamanda bloklarin daha
giivenli olarak ¢alismalarini saglamak amaciyla, tek saat igareti (ve tersi) ile iglem
yapabilecek sekilde tasarlanmistir. Bu ADC niin diger 6nemli dzellikleri arasinda kiigiik
kirnuk alam, tek giic kaynagi kullanilmasi, disik giig gereksinimi, gok yiiksek
ornekleme hizlarinda ve genis bir giris isareti genlifi alam iginde g¢aligabilme kabiliyeti
sayilabilir. Calisma kolayhi@ nedeniyle, analog islem modiilleri, diferansiyel igaret ve
vapisal bloklar verine, tek uglu igaretler ve tek sonlu yapisal bloklar kullamlarak
tasarlanmistir. Bu tezde sunulan ADC mimarisi, daha diigiik toplam maliyet ve tasarima
daha iyi tasinabilirlik saglamak amaciyla, endiistride yaygin olarak kullamlan 0.18

mikron sayisal CMOS teknolojisi (Foundry: UMC) kullanmilarak gergeklestirilmigtir.
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Tasarlanan doniistiiriicti devresi, 200 MHz 6rnekleme frekansina kadar dogru
galisabilme ve bu yiiksek drmekleme hizinda hedeflenmis olan 12-bit ¢éziiniirligi elde
edebilme &zelliklerine sahiptir. Devrenin tamamm bir tek 1.8 V giic kaynag ile
beslenebilecek sekilde tasarlannugtir. ADCnin 1.8 V besleme gerilimi ile isleyebilecegi
en yiiksek giris isareti genligi (tepeden tepeye) 1.6 Vpp'dir. Giris isareti genligi ve
bununla birlikte kritik modiillerin ¢alisma noktalar, denetleme girisleri }-’ﬂl‘diml}’]é;
disaridan avarlanabilir. 200 MHz &mekleme lizinda, toplam giig tiikketimi 67.5 mW
olarak ongoriillmektedir. Her 4-bitlik veri yolu kademesi, bir adet 4-bit flash A/D
doniistiiriici, bir adet tamamen kapasitif carpici DAC (MDAC) ve bunlarla birlikte
calisacak sayisal ¢oziimleyici devrelerden olusmaktadir. ADC’nin toplam silikon alam
yaklasik 0.25 mm® dir.

Bu tez ¢ahigmasinda tasarlanan ADC mimarisi, sayisal goriintii iletimi veya
yiiksek bant geniglifine sahip telsiz haberlesme gereksinimleri gibi ¢ok yiiksek hiz
gerektiren uygulamalarda kullamlmak amacivla tasarlanmisur. Bu doniistiiriicii, tek
bagina bir kirmik olarak veya daha biiyiik bir kirmik iizerine baska modiillerle

birlestirilebilecek bir IP (intellectual property) blogu olarak kullanilabilir.
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DESIGN AND REALIZATION OF A HIGH-SPEED 12-BIT PIPELINED
ANALOG / DIGITAL CONVERTER IP BLOCK

ABSTRACT

This thesis presents the design, verification, system integration and the physical
realization of a monolithic high-speed analog-digital converter (ADC) with 12-bit
accuracy. The architecture of the ADC has been realized as a pipelined structure
consisting of four pipeline stages, each of which is capable of processing the incoming
analog signal with 4-bit accuracy. A bit-overlapping technique has been employed for
digital error correction between the pipeline stages so that the influence of possible
errors that occur during analog signal processing can be minimized. The entire circuit
architecture is built with a modular approach, consisting of identical blocks organized
into an easily expandable pipeline chain.

All analog as well as digital sub-blocks of the ADC architecture presented in this
work operate on a single clock signal (and its inverse), which significantly simplifies the
design while ensuring a more robust performance. Other important features of this ADC
include small area, single power supply, low power consumption, capability to operate
at very high sampling clock rates, and the ability to handle a wide range of input signal
amplitudes. The analog processing modules were designed using single-ended signals
and the single-ended building blocks (as opposed to differential signals and building
blocks) for simplicity. The ADC architecture was realized using a conventional (.18
micron digital CMOS technology (Foundry: UMC), which ensures a lower overall cost
and better portability for the design.

The ADC architecture presented in this work is capable of operating at sampling

frequencies of up to 200 MHz, and still can achieve the nominal bit-resolution that was

Vi



intended for 12-bit accuracy. The entire circuit is designed with single 1.8 V power
supply. The maximum range of the input signal amplitude that the ADC can handle is
1.6 Vpp, with 1.8 V supply voltage. The input signal range as well as the operating
points of critical components can be adjusted externally using dedicated control pins.
The overall power consumption is estimated as 67.5 mW at 200 MHz sampling rate.
Each 4-bit pipeline stage consists of a 4-bit flash A/D converter, a fully capacitive
multiplying DAC (MDAC) and the corresponding digital encoding circuitry. The
overall silicon area of the ADC is approximately 0.25 mm®.

The ADC architecture presented in this thesis is intended as a state-of-the-art data
~converter for very high-speed applications such as digital video transmission or high
handwidlﬁ wireless émnmunicatinn needs. It can be used either as a stand-alone single-

chip unit, or as an embedded IP block that can be integrated with other modules on chip.



OZET

Bu tez, 12-bit dogrulukla calisan bir monolitik yiiksek hizli analog-sayisal
déniigtiiriiciiniin  (ADC) tasarimi, smnanmasi, sistem diizeyinde tlimlegtirilmesi ve
fiziksel tasariminin gerceklestirilmesi agamalarindan olusmustur. ADC’nin mimarisi,
herbiri gelen analog isareti 4-bit dogrulukla isleyebilen dort kademeden olugan bir veri
volu yapisi olarak gergeklestirilmistir. Analog isaret islenmesi sirasinda meydana
gelebilecek olast hatalarin etkisini en aza indirebilmek amaci ile veri yolu kademeleri
arasindaki sayisal hatalar diizeltmek ig¢in bir bit-gakistirma teknigi kullanilmigtir.
Devrenin tiim mimarisi, benzer bloklarin kolayca genisletilebilir bir veriyolu zinciri
biciminde dizilmesinden olugan, modiiler bir yaklagimla sekillendirilmigtir.

Bu ¢alisma kapsaminda ele alinan ADC mimarisinin tiim analog ve sayisal alt-
bloklar, tasarimu belirgin bigimde basitlegstirmek ve aym zamanda bloklarin daha
giivenli olarak ¢alismalarini saglamak amaciyla, tek saat igareti (ve tersi) ile iglem
yapabilecek sekilde tasarlanmistir. Bu ADC niin diger 6nemli dzellikleri arasinda kiigiik
kirnuk alam, tek giic kaynagi kullanilmasi, disik giig gereksinimi, gok yiiksek
ornekleme hizlarinda ve genis bir giris isareti genlifi alam iginde g¢aligabilme kabiliyeti
sayilabilir. Calisma kolayhi@ nedeniyle, analog islem modiilleri, diferansiyel igaret ve
vapisal bloklar verine, tek uglu igaretler ve tek sonlu yapisal bloklar kullamlarak
tasarlanmistir. Bu tezde sunulan ADC mimarisi, daha diigiik toplam maliyet ve tasarima
daha iyi tasinabilirlik saglamak amaciyla, endiistride yaygin olarak kullamlan 0.18

mikron sayisal CMOS teknolojisi (Foundry: UMC) kullanmilarak gergeklestirilmigtir.
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Tasarlanan doniistiiriicti devresi, 200 MHz 6rnekleme frekansina kadar dogru
galisabilme ve bu yiiksek drmekleme hizinda hedeflenmis olan 12-bit ¢éziiniirligi elde
edebilme &zelliklerine sahiptir. Devrenin tamamm bir tek 1.8 V giic kaynag ile
beslenebilecek sekilde tasarlannugtir. ADCnin 1.8 V besleme gerilimi ile isleyebilecegi
en yiiksek giris isareti genligi (tepeden tepeye) 1.6 Vpp'dir. Giris isareti genligi ve
bununla birlikte kritik modiillerin ¢alisma noktalar, denetleme girisleri }-’ﬂl‘diml}’]é;
disaridan avarlanabilir. 200 MHz &mekleme lizinda, toplam giig tiikketimi 67.5 mW
olarak ongoriillmektedir. Her 4-bitlik veri yolu kademesi, bir adet 4-bit flash A/D
doniistiiriici, bir adet tamamen kapasitif carpici DAC (MDAC) ve bunlarla birlikte
calisacak sayisal ¢oziimleyici devrelerden olusmaktadir. ADC’nin toplam silikon alam
yaklasik 0.25 mm® dir.

Bu tez ¢ahigmasinda tasarlanan ADC mimarisi, sayisal goriintii iletimi veya
yiiksek bant geniglifine sahip telsiz haberlesme gereksinimleri gibi ¢ok yiiksek hiz
gerektiren uygulamalarda kullamlmak amacivla tasarlanmisur. Bu doniistiiriicii, tek
bagina bir kirmik olarak veya daha biiyiik bir kirmik iizerine baska modiillerle

birlestirilebilecek bir IP (intellectual property) blogu olarak kullanilabilir.
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1. INTRODUCTION

Our physical world produces a vast variety of analog signals, while most of the
signal processing systems operate exclusively on digital signals. Consequently, it is
necessary to be able to convert back and forth between the two types of signals.
Therefore analog-to-digital and digital-to-analog converters are an important part of a
signal processing system. From this point of view a state of art, four stage pipelined
analog-to-digital converter using flash algorithm is proposed and discussed in detail in
this thesis. The thesis is organized as follows: Chapter 1 includes a brief summary of
A/D converter topologies. In Chapter 2 performance measures of A/D converters, such
as INL, DNL etc. are examined. Chapter 3 introduces the concept of the proposed
pipelined ADC architecture in detail. Chapter 4 and Chapter 5 handles the building
blocks of proposed ADC such as comparators and sample-hold amplifiers respectively;
in Chapter 6 assembling a 4-bit pipeline stage is introduced and Chapter 7 reviews the
digital building blocks. Then Chapter 8 introduces the four stage pipelined ADC.
Finally conclusions are presented in Chapter 9.

The objective of an A/D (analog-to-digital) converter is to determine the digital
output corresponding to an analog input signal. In other words, an Analog-to-Digital
converter is a device that converts a continuous range of input amplitude levels into a
discrete finite set of digital outputs. In this chapter, the fundamental aspects of Analog-
to-Digital converters with different architectures are presented, in order to establish the

basic classification of ADCs.




Analog-to-Digital converter architectures can be classified on the basis of the

sequence of operations used to digitally encode an analog input. At the top of this

classification hierarchy, converters are partitioned into two groups, Nyquist-Rate ADCs

and Oversampling ADCs, based on the rate at which the input signals sampled relative

to its bandwidth.

Nyquist-rate Converters: We loosely define Nyquist-Rate data converters
as those converters that generate a series of output values in which each
value has one-to-one correspondence with a single input value. However,
it should be noted that Nvquist-Rate converters are seldom used at the
Nyquist-Rate due to the di fficulty in realizing practical anti-aliasing real
reconstruction filters. In most cases, Nyquist-Rate converters operate at
1,5 to 10 times the Nyquist-Rate (i.e., 3 to 20 times the input signal’s
bandwidth. As a summary, Nyquist-Rate converters:
* Can digitize input signals with bandwidths approaching half the
sampling rate
* Operate at or near the minimum sampling rate for a given input
bandwidth
* Ensure that each sample is quantized to the full precision of the
converter, i.e., the quantization error is minimized for each

individual sample [2].

Oversampling Converters: Oversampling converters are those converters
that operate much faster than the input signal’s Nyquist-Rate (typically
20 to 512 times faster) and increase the output’s signal-to-noise (SNR)
by filtering output quantization noise that is not in the signal’s
bandwidth. In A/D converters, this filtering is performed digitally. Most
often, oversampling converters use noise shaping to place much of the
quantization noise outside the input signal’s bandwidth. Thus, the main
characteristics of oversampling converters are as follows:

* Sample signals at rates well above the signal bandwidth.

* Digital encoding obtained by digitally “averaging” sequence of

samples encoded at the oversampling rate.




.

* Coarse amplitude quantization 1s combined with feedback and
digital filtering to obtain a precise estimate ol the input.

* Minimize quantization error power in sequence of samples
rather than in a single sample; therefore must use metrics like

SMNR and mean squared baseband error, not INL or DNL [2].

The block diagram representation of an A/D Converter is shown in Figure 1.1,
where By, 1s the digital output word while Vi, and Vs are the analog input and
reference signals respectively. Also, we define Vigsg to be the signal wvariation

corresponding to a single LSB change.

> ADC —<—>
T"‘f'rref

Figure 1.1 Black box representation of an A/D converter.,

For an A/D converter, the following equation relates these signals as,

Vo (6,27 +5,27 +..+5,27" )=V, FV

4 X

where

A P SE ANV (1.1)

and V, represents the quantization error, which will be explained in the next chapter.
Note that there is now a range of valid input values that produce the same digital output
word. It should be noted that the relation shown above holds only if the input signal
remains within 1LSB of the two last transition voltages.

After examining the ideal analog-to-digital converter, this section follows with the

brief explanations of the types of A/D Converters, such as the serial, successive




approximation, parallel (flash) and high performance A/D converters, which are under

the Nyquist-rate converter branch.

1.1 Serial A/D Converters

This type of converters performs serial sequential operations in time domain until
the conversion is complete. Two architectures can be examined, called the single-slope
and dual-slope. These are level-al-a-time integrating converters where input is
converted to a timing pulse as “pulsewidth modulating” converters and the width of this
pulse is measured by counting clock cycles (also referred to as “pulse-width
modulating” converters). Offering high resolution and accuracy but slow conversion
speed (2" clock/sample), these types of converters are used in applications of high

resolution, low frequency.

= iG]

tmrere] a &~T
{gramlar

f

Figure 1.2 Block diagram of a single slope serial A/D converter [3].

Figure 1.2 shows the block diagram of a single-slope serial A/D converter. This
type of converter consists of a ramp generator, an internal counter, a comparator, an
AND gate, and a counter that generates the output digital code. At the beginning of a
conversion cycle the analog input is sampled, held and applied to the positive terminal
of the comparator. The counters are reset, and a clock is applied to both the time interval
counter and the AND gate. On the first clock pulse, the ramp generator begins to

integrate the reference voltage, Vrgp. If Vv is greater than the initial output of the ramp



generator, which is applied to the negative terminal of the comparator, begins to rise.
Because Vi is greater than the output of the ramp generator, the output of the
comparator is high and each clock pulse applied to the AND gate causes the counter at
the output to count. Finally, when the output of the ramp generator is equal to Vi, the
output of the comparator goes low and the output counter is now inhibited. The binary
number representing the state of the output counter can now be converted to the desired
digital format. The sernial A/D converter has the advantage of simplicity of operation.
Disadvantages of the single-slope A/D converter are that 1t is subject to error in the
ramp generator and it is unipolar. Another disadvantage of this type of A/D converter is
that a long conversion time (2“ clock cycles in the worst case) is required if the input
voltage is near the value of Vggr. A block diagram of a Dual-Slope A/D Converter is

shown in Figure 1.3.

v, D ;
2 it ——#
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Figure 1.3 Block diagram of a dual-slope A/D converter [3].

The basic advantage of this circuit architecture is the elimination of the
dependence of the conversion process on the linearity and accuracy of the ramp
generator. Initially, Viy is zero, and the input is sampled and held. In this scheme, it is
necessary for Vi, to be positive. The conversion process begins by resetting the positive
integrator until the output of the integrator is equal to the threshold, V. of the
comparator. Next, S1 is closed, and Vyy is integrated for N,y number of clock cycles.
Figure 1.4 illustrates the conversion process. It is seen that the slope of the voltage at
Vint is proportional to the amplitude of V. The voltage, Viy(t), during this time is given

as




o

le [‘r) = K _I‘F-'.f.l"-"ﬂrjlr T i.'Ilrinl [D} = KN ?'I._'!T[jlrﬂl' 4 [.-"'m {.] 2}
i

where T is the clock period. At the end of the Nyf counts, the carry output of the counter
is applied to switch S2 and causes —Vir to be applied to the integrator. Now the
integrator integrates negatively with the constant slope because V. is constant. When
Vi, (1) becomes less than the value of Vy, the counter is stopped, and its binary count
can be converted into digital word. This is demonstrated by considering Viy(t) during

the time designated as t; in Figure 1.4. This voltage is given as

N T
V(1) =V 0)+ K [(- 7, e (1.3)
]

i
i (Ftast) F] 1 1

Figure 1.4 Waveforms of the dual-slope A/D converter in Figure 1.3 [3].
However, when t = N, T, then Eq. (1.3) becomes

v (N, T)=(KN TV, +V,)-KV, N,T (1.4)

because Vin(MNowT) = Vi then Eq.(1.4) can be solved for Ny, giving



Now = N[ V0] ] (1.5)
ref

It is seen that Ny will be some fraction of N, where that fraction corresponds to the
ratio of Vi to Vier.

The output of the serial dual-slope A/D converter (Ngyy) is not a function of the
threshold of the comparator, the slope of the integrator, or the clock rate. Therefore., it is
a very accurate method of conversion. The only disadvantage is that it takes a worst-
case time of 2(2"™) T for a conversion, where N is the number of the bits of the A/D

converter; a T is the clock period. [3]

1.2 Successive Approximation A/D Converters

This class of A/D converters converts an analog input into an N-bit digital output
in N clock cycles. Also called “bit-at-a-time™ converters, their operation principle is
based on a binary search, beginning with the most significant bit (MSB). This type of
converters includes comparators, Digital-to-Analog converter, and Successive
Approximation Register (SAR). Starting with the MSB. the fraction of Vier
corresponding to each bit is successively added to the fraction corresponding to already
determined bits and the sum is compared to the input sample. There exists a trade-off
between accuracy and speed (N comparisons per conversion). Different DAC topologies

can be implemented in this type of A/D converters.
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Figure 1.5 Example of a Successive Approximation A/D converter [17].
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Figure 1.6 The successive approximation process [17].

The function of the digital control logic is to determine the value of each bit in a
sequential manner based upon the output of the comparator. The conversion cycle
begins by sampling the analog input signal to be converted. Next, the digital control
circuit assumes that the MSB is “1" and all other bits are “07”. This digital word is
applied the DAC, which generates an analog signal of 0.5V ., which is compared to the
sampled analog input, Vpy. If the comparator output is high, then the digital control
logic decides that the MSB is equal to “17. If the comparator output is low, the digital
control logic decides the MSB is *“07. This completes the first step in the approximation
sequence. At this point, the value of MSB is known. The approximation process
continues by applying the digital word to the DAC, with the MSB having its proven
value, the next lower bit a “guess” of 17, and all other remaining bits having a value of
“0”. Again, the sampled input is compared to the output of the D/A converter with this
digital word applied. If the output of the comparator is high, the second bit is proven to
be “17. If the output of the comparator is low, the second bit is “0”. The process
continues in this manner until all bits of the digital word have been decided by the
successive approximation process.

Figure 1.6 shows how the successive approximation sequence works in converting
the analog output of the D/A converter to the sampled analog input. It is seen that the

number of cycles required for the conversion to an N-bit word is N. It is also observed




that as N becomes large, the requirement of the comparator to distinguish between
almost identical signals must increase.
A successive approximation A/D converter using an Algorithmic D/A converter is

often called an Algorithmic A/D Converter.
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Figure 1.7 Pipeline implementation of the algorithmic A/D converter [3].

An algorithmic A/D converter patterned after the algorithmic D/A converter of the
preceding stage is shown in Figure 1.7. This N-bit A/D converter consists of N stages
and N comparators for determining the signs of the N outputs. Each stage takes its
input, multiplies by 2, and adds or subtracts the reference voltage depending on the sign
of the previous output. The comparator outputs form an N-bit digital representation of
the analog input to the first stage. The algorithmic ADC of Figure 1.7 has the
disadvantage that the time to convert a sample is N clock cyeles, although one complete
conversion can be obtained at each clock cycle. As it is obvious, an algorithmic A/D
converter does not need any reference voltage generators, which are usually
implemented with capacitor or resistor arrays. Thus, the algorithmic A/D converter is
considered to be ratio-independent because the performance does not depend on the
ratio accuracy of a capacitor or resistor array. The multiplication by 2 of the first stage
must be accurate to within 1 LSB, which is a distinct disadvantage of this configuration

of the algorithmic A/D converters. The analog output of the ith stage can be expressed

a5

Vor =12V =BV, k™ (1.6)




where b; is +1 if the ith bit is 1" and —1 if the ith bit is “0”.

The iterative version of algorithmic A/D converter given in Figure 1.8 consists of
a sample-hold amplifier circuit, a gain-of-2 amplifier, a comparator, and a reference
subtraction circuit. The operation of the converter involves first sampling the input
signal by connecting switch S1 to Vin. Sampled Vpy is then applied to the gain-2-
amplifier. To extract the digital information from the input signal, the resultant signal,
denoted as V. is less than V.. the corresponding bit is set to *“0” and V4 is uncharged.
The resultant signal, denoted by Vg, is then transferred by means of switch S1 back into
the analog loop for another iteration. This process occurs until the desired number of
bits have been obtained, whereupon a new sampled value of the input signal will be
processed. The digital word is processed in a serial manner with the MSB first. A
distinct advantage over the pipeline configuration is that all of the gain-of-2 amplifiers
are identical because only one is used in an iterative manner. Sources of error for this
A/D converter include low operational amplifier gain; finite input offset voltage in the
operational amplifier, charge injection from the MOS switches, and capacitance voltage

dependence.
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Figure 1.8 Implementation of the iterative, algorithmic A/D converter [3].

The successive approximation A/D architecture is a very general one, as has been
shown. If serial D/A converters are used, the conversion time is increased and the area
required is decreased. In general, successive approximation A/D converters can have
conversion times that fall with in the range of 10" to 10° conversions/second. They are
capable of 8 to 12 bits of accuracy. The number of bits can be increased if trimming is

permitted.
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1.3 Parallel A/D Converters

This type of converters are commonly referred to as parallel or flash converters. In
this type of converters the analog input is simultaneously compared with 2.1 reference

voltages where the reference voltages are typically derived from a resistor string.
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Figure 1.9 A 3-bit, parallel (flash) A/D converter [3].

The parallel A/D converter of Figure 1.9 converts the analog signal to a digital
word in one clock cycle, which has two phases. So that this type of converters usually
defined “word-at-a-time™ converter. During the first phase, the analog input voltage is
sampled and applied to the comparator inputs. During the second phase, the digital
encoding network determines the correct digital output and stores it in a register/buffer.
Thus the conversion is limited by how fast this sequence of events can occur.
Complexity and power dissipation are problems for larger resolution.

In Figure 1.10, M successive approximation A/D converters are used in parallel to
complete the N-bit conversion of one analog signal per clock cycle, often referred as
time-interleaved conversion. The sample and hold circuits consecutively sample and
apply the input analog signal to their respective A/D converters. N clock cycles later,
the A/D converter provides a digital word output. If M = N, then a digital word is output
at every cycle. If one examines the chip area for an N-bit A/D converter using the

parallel A/D converter architecture (M=1) compared with the time-interleaved



architecture for M = N, the optimum point for area and throughput will be found for a

value of M between 1 and N, for realizing the same resolution.
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Figure 1.10 A time-interleaved A/D converter array [3].

Combining the parallel approach with a serial approach results in an A/D
converter architecture with high speed and reasonable area. This approach is often
called a “Pipeline A/D Converter”, particularly if the number of serics stages is greater
than two. If the number of the series stages is exactly two then the topology is called

“Series-Parallel” or often referred to as “Two-Step Flash™ converters.

*COARSE™

MeM-1
BITS

IE:
!

M-BIT

Figure 1.11 Block representation of two-step flash A/D converter architecture [23].
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Two-step flash converters are used successively to exchange speed for reduction
in complexity and power. The topology can be pipelined. Overlapping LSB of “coarse™
stage and MSB of “fine” stage eases constraints on the A/D converter in the “coarse”
(first) stage. Only DAC and subtractor circuits need (N+M-1) bit accuracy in this
topology.

Two-step architecture described in Figure 1.11 can be generalized to multiple
stages, where each stage finds a single bit. Specifically, the first stage finds the most
significant bit, by; the second stage finds the next bit by, and so on. Unfortunately, a
straightforward implementation of this approach would be too slow, since the final bit
would not be available until residual errors ripp]a_r—: through the entire converter. A better
approach is to also incorporate pipelining such that once the first stage éﬂﬁ]plﬂtﬁs its
work, it does not sit idle while the remaining lower bits are found, but immediately
starts to work on the next input sampled. A block diagram of a two-stage pipelined A/D
converter is given in Figure 1.12. Using a pipeline architecture allows the designer to
make trade-offs between area and conversion time. This topology is attractive for low

power, high-speed data conversion applications, such as video and imaging.
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Figure 1.12 Two-stages Pipelined A/D converter configuration [3].
In Figure 1.12 a pipelined A/D converter using two M-bit parallel A/D converters

15 shown. The method first converts the M MSBs and then converts the M LSBs.

Consequently only 2""'-2 comparators are required to convert a 2M-bit digital word.
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For the configuration given in Figure 1.12, the analog input is applied to the left-hand
string of | comparators during the first clock phase and the M MSBs are decoded
during second clock phase. During the third clock phase, the M MSBs are converted to
an analog equivalent, which is subtracted from V., multiplied by a gain of 2™, and
applied to the right-hand string of 2M_1 comparators. Finally, during the fourth clock
phase, the M LSBs are encoded. Thus, if the clock has two phases, then in two clock
cycles a 2M-bit digital word will be converted.

A/D converters including self-calibrating, pipelined, oversampled, subranging and
delta-sigma converters are classified as high performance A/D converters. As a brief
explanation, in subranging A/D converter, the conversion is done in several cycles. In
each successive cycle the gain of the residue amplifier is increased, until the full scale of
the amplified residue voltage is reached. In this manner, errors can be corrected and
removed on each successive cycle.

Oversampled A/D converters offer a means of exchanging resolution in time for
resolution in amplitude in order to circumvent the need for complex precision analog
circuits. This architecture includes a clocked feedback loop, which produces a coarse
estimate that oscillates about the true value of the input, and a digital filter, which
averages this coarse estimate to obtain a finer approximation. This approximation is
more accurate to more bits at a lower sampling rate. If the resolution of digital estimator
N is equal to “1” than the oversampling converter becomes a “Delta-Sigma A/D
Converter”. One advantage of Delta-sigma A/D, oversampling converters is that
because they obtain resolution by linearly interpolating between two-states, they do not
require an array of precision binary scaling elements for the D/A converter. This means
that non-linearity errors will not exist. The output of the AL modulator is applied to a
low-pass digital filter whose function is to operate on the 1-bit signal to remove
frequencies and quantization noise above the desired signal bandwidth. The output of
the filter is a multi-bit digital representation at a lower sampling rate. [17]

To review the current state-of-the-art of ADC topologies, an extensive literature
survey was done covering past twelve years. A/D converters published are classified
according to their resolution, speed, linearity, power consumption, area, topology and
the application it is used in. Results of this work can be seen in Appendix A.

From all these tables, typical applications that require high-speed A/D converters

can be distinguished with the desired resolution information given below:
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e NTSC/PAL Decoders

e HDTV A/D Converters

o CATV channel modems

e ADSL/HDSL Transceivers
e (CDDI Transceivers, VG

e Mag Storage Read Channels
e High-Performance Imagers

e Supercollider Data Analvzers

Table 1.1
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Figure 1.13 Qualitative comparison of ADC techniques.

As can be seen from Figure 1.13, for fastest applications a Flash or a Pipelined

A/D Converter is needed. In the following chapter, proposed design specifications and

topology will be examined in detail, giving the reasons of the design decisions made in

this work.
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2 . PERFORMANCE MEASURES OF ANALOG-TO-DIGITAL CONVER'!

In this chapter, we concentrate on specific performance measures and metrics
are commonly used to specify and to quantify the operational characteristics o'

Many of the performance metrics discussed here will be used in the design phase

2.1 Quantization Error

Quantization error (Vg) is the difference in magnitude between analog up
the resulting digital code for the entire input range of the converter.

This phenomenon is an unavoidable result of the fact that every A/ (o
converter must operate with finite number of quantization levels to rep
original input signal. Figure 2.1 shows the DC input-output characteristic of a
3-bit ADC with 8 quantization levels, and the corresponding quantization erro;

A number of error/performance criteria have been developed to quanti!
error. Note that the majority of the measures are defined on the DC input-outp.

characteristics.
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Figure 2.1 Input-output characteristic of an ideal 3-bit A/D converter and its

quantization error [12].
2.2 Quantization Noise

Assume that the input signal is varving rapidly such that the quantization error

signal, Vg, is a random wvariable uniformly distributed between iFf-T% . The

probability density function for such an error signal will be a constant value. The

average value of the quantization error is found to be zero “0™; in a similar fashion, the

k]

rms value of the quantization error is given as hﬂ%ﬁ' Recalling that the size of Visp

is halved for each bit and assuming Vger remains constant, we see that the noise power
decreases by 6 dB for each additional bit in the A/D converter. Thus, given an input

signal waveform, a formula can be derived giving the best possible signal-to-noise ratio

(SNR) for a given number of bits in an ideal ADC. [2]

% | F“V;—
SNR = Eﬂlug{ﬂ] — 20log| —£N12 | 4

FI.SH/
Jiz

Vo)

SNR = 20log(2" )= 6.02N dB
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Alternatively, a more common SNR formula is to assume Vj, as a sinusoidal

: ; TR
waveform between 0 and Vggg. Thus, the ac power of the sinusoidal wave is 4”% J—i

which results in Eq. 2.2,
2.3 Dynamic Range

The dynamic range of a converter is usually specified as the ratio of the rms (root
mean square) value of the maximum amplitude input sinusoidal signal to the rms of
output noise plus the distortion measured when the same sinusoid is present at the
output [2]. The rms output noise plus distortion is obtained by first eliminating the
sinusoid from the measured output. To determine this component for an A/D converter,
the output can be converted by FFT and the fundamental of the output signal can be
eliminated, or a least-mean-squared fit can be used to find the amplitude and phase of
sinusoid at the input signal’s frequency and then subtracting the best-fit sinusoid from
the output signal [2]. The dynamic range is also defined as the ratio of the largest input
that can be converted to the smallest step size of the converter [12]. For example:

Vin(0.4V), resolution is 10 bits = quantization step size = (4-0) / 2'° = 3.9062 mV

— dynamic range of this converter can be found

from = 4V / 3.9062mV = 1024

—» this number can also be expressed in decibels

— 20log(1024) =60 dB

Dynamic range can also be expressed as an effective number of bits using the Eq. 2.2.

SNR = 201og| Vo (rms)

V,(rms ]]

I‘ZV
SNR =20log _E_ﬁ
FM%
AR
SNR = zlng(,f%z”]

SNR =6.02N +1.76d8B
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where the non-integer number N is called the effective number of bits (c.f. Eq. 2.3).
Finally, it should be mentioned that the distortion level (or nonlinearty
performance) of many converters remains at a fixed level and is not a function of the
input signal level. Thus, as the input signal level is decreased, the signal-to-distortion
ratio decreases. This behavior occurs because the distortion level is ofien determined by
component matching and thus is fixed once the converter realized. However, in some
converters, the distortion level decreases as the input signal level is decreased, which is

often a desirable property to have.
2.4 Resolution

The resolution of a converter is defined to be the number of distinct analog levels
corresponding to the different digital words. Thus, an N-bit resolution implies that the
converter can resolve 2" distinct analog levels. Resolution is not necessarily an

indication of the accuracy of the converter, but instead it usually refers to the number of

digital input or output bits.
2.5 Effective Number of Bits (ENOB)
ENOB of a converter is defined with the equation given in Eq. 2.2.

ENGEzSNR_L?ﬁ (2.3)
6.02

For a perfect 12 bit A/D converter, SNR can be calculated as 72dB from Eq. 2.2, then

ENOB = 2228 =116 i sRbiss (2.4)
6.02

2.6 Differential Nonlinearity (DNL)

In an ideal converter, each analog step size is equal to 1LSB(Least Significant

Bit). In other words in an A/D, the transition values are precisely 1LSB apart.
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Differential nonlinearity (DNL) is the measure of how uniform the transition step sizes

are. Fach step size is compared to the ideal step size:

DNIL = LSB width — Code width
F(x)—V(x+1) (2.5)
LSB

DNL=1-

Thus an ideal converter has its maximum DNL of “1” for all digital values. [f
DNL is less than 11L.SB then there will not be any missing codes. Whereas if DNL is less
than 0.5LSB: the converter will be called “monotonic”. The DNL is illustrated for a 4-
bit ADC in Figure 2.2.
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Figure 2.2 Illustration of DNL [12].

2.7 Integral Nonlinearity (INL)

The integral nonlinearity (INL) error is defined to be the deviation of the code
midpoints from a straight line, or from their ideal location. Note that there exist different
conventions concerning the definition of this “ideal line”. Consequently, each

convention will result in a slightly different INL value.




Drawing a straight line between the first and last code endpoints of the

fro—
u

converter’s transfer response.

2. Drawing the best-fit line using all measured code midpoints, such that the
maximum difference (or perhaps the mean squared error) is minimized.

3. Drawing a straight line between the ideal location of the first and last code

midpoints and using the ideal LSB to calculate the other midpoint locations.
INL=M(x)—(V. -0.5LSB_ DUT + xLSB_DUT)

where M(x) is the midpoint of code x, V, is the midpoint of the first code and DUT is
the abbreviation for device under test in Eq. 2.6. The definition of INL is illustrated in
Figure 2.3.

Note that a differential error is a particular step size at any specific location in the
converter transfer function. Integral error is equivalent to the integration (summation) of

the errors along the converters transfer function. (cf. Figure 2.4)

A Ideal transfer function
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Figure 2.3 Illustration of INL for a 3-bit A/D converter [12].
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Figure 2.4 Relation of DNL and INL [12].

2.8 Absolute Accuracy

The magnitude of the deviation from the actual to the ideal transfer function of an
ADC is called the absolute accuracy of the converter. The absolute accuracy includes
the offset, gain and linearity errors (Figure 2.3).

Accuracy can be expressed as a percentage error of full-scale value, as the
effective number of bits, or as a fraction of an LSB. For example; a 12-bit accuracy
implies that that converter’s error is less than the full-scale value divided by 3

The term relative accuracy is sometimes used and is defined to be the accuracy
after the offset and gain errors have been removed. It is also referred to as the maximum

integral nonlinearity error (described in section 2.6) and we will refer to it as such.
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Figure 2.5 Absolute accuracy is the summation of other error sources [12].
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2.9 Gain error

Gain is equal to slope of the converter’s transfer function. The ideal slope of the

transfer function is found by Veuriscare / (2" - 1). The gain error is defined to be the
difference (at the full-scale value) between the ideal and actual curves when the offset

error has been reduced to zero in units of LSBs in Eq. 2.7. Gain error can also be

specified as the deviation of the highest transition level on the ADC transfer function

from its ideal location.

E
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Figure 2.6 Illustration of gain error [12].

2.10 Offset Error

Identifies the deviation of the lowest transition level from its ideal location.

V., =V, —(0.5LSB)

where V is the first transition level voltage. The offset error between an actual and an

ideal ADC transfer function is illustrated in Figure 2.7.
2.11 Transition Level

Each digital output code has associated with its two bounding transition levels.
When the magnitude of the input lies between these two transition levels the code is
generated and is the digital ouiput. Ideally these transition levels are infinitely narrow
thresholds; however, because of noise and other error sources the transition level will
have a noise band with it. In this transition band there is a varying probability of the

converter generating one code or the other. The point where there is a 50% chance of
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4

converting one code or the other code is defined as the transition level illustrated in

Figure 2.8.
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Figure 2.7 lllustration of offset error [12].
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Figure 2.8 [llustration of transition level [12].
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2.12 Monotonicity

In an ideal ADC, the converted digital output code is always expected to increase
as the input signal increases. In other words, the slope of the converter's transfer
response curve must always be positive. Thus, a converter is guaranteed to be
monotonic, i.e., its transfer curve exhibits monotonically increasing behavior. if the
maximum INL is less than 0.5LSB.
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Figure 2.9 A nonmonotonic ADC transfer function [12].

2.13 Missing Code

A converter must be able to correspond all possible digital outputs to an analog

input. An A/D converter is guaranteed not to have any missing codes if the Maximum

DNL error js less than 1LSB or if the maximum INL is less than 0.5LSB.
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Figure 2.10 An ADC transfer function with a missing code (100) [12].
2.14 Differential Phase and Gain

Differential phase is the difference in the output phase of an A/D converter when a
small high frequency sine-wave signal is superimposed on a low frequency signal at two
predescribed amplitudes.

Differential gain is the ratio of the output amplitudes of an A/D converter with this

small high frequency sine wave superimposed on the low frequency signal at the two

predescribed amplitudes.

2.15 Conversion Time and Sampling Rate

The conversion time is the time taken for the converter to complete a single
measurement including acquisition time of the input signal. Is also called the “Latency”,
the interval when the analog input is sampled and when the associated digital code is
valid at the output of the converter.

On the other hand, the maximum sampling rate is the speed at which samples can
be continuously converted and is typically the inverse of the conversion time. Note that,

some converters have a large latency between the input and the output due to pipelining
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or multiplexing, yet they still maintain a high sampling rate. The relation between

sampling rate and conversion time (latency) is illustrated in Figure 2.11.

2.16 Sampling-Time Uncertainty

ADC’s have limited accuracy when their sampling instances are ill defined. To
quantify this sampling time uncertainty, also known as “Apperture Jitter”, for sinusoidal
waveforms, consider a full-scale signal, Vi,, applied to an N-bit A/D converter with
frequency fi;. Since the slope of Vi, at the peak of a sinusoidal waveform is small,

sampling time uncertainty is less of a problem near the peak values. However, the

maximum rate of change for this waveform occurs at the zero crossing and can be found

by differentiating V;, with respect to time and setting t=0. At zero crossing

AV

E max 'Tg.m V.:rm;.ﬂnmﬁ

If At represents some sampling-time uncertainty, and if we want to keep AV less than

1LSB, so that

Figure 2.11 lllustration of sample period and conversion time.
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2.17 Input Bandwidth

Input bandwidth specifies the highest frequency analog signal an ADC can

convert and still meet its performance specifications. Usuallv converters are required to

_ ) : | : : :
convert input signals with bandwidths up to = their sampling rate (Nyquist rate). Input

bandwidth is very a dependent quantity on maximum sampling rate.

Maximum sampling rate of a converter is a difficult to define number. In some
cases the reduction in dynamic range (5/N ratio) can be used to define the maximum
sampling rate. A definition can be given as:

' The maximum sampling frequency of the converter for which the dynamic range
measured over the Nyquist bandwidth is reduced with 3dB or 0.5 bit.

This definition gives a rough indication about the maximum sampling

frequency. Thus, the input bandwidth can roughly be defined as the half of the

maximum sampling rate.



3. PIPELINED ANALOG-TO-DIGITAL CONVERTERS

In this chapter, we will examine high-throughput A/D converters that are capable
of producing high-resolution output (greater than 10-bits), and specifically concentrate
on pipelined converter architectures. To start the discussion, we first summarize the
main properties of various ADC architectures in the following, to serve as a means of
comparison.

# Flash Converters
* Exponentially increasing hardware complexity with resolution
* Impractical above 8-bit resolution

* Large power dissipation and input capacitance.

» Two-Step Flash Converters
* Requires multiple clocks cycles per conversion

* Hardware increases exponentially with resolution.

» Pipelined Converters
* High degree of concurrency
* One output sample per clock cycle
* Approximately linear hardware cost with resolution
* Same throughput as Flash, with the cost of fast interstage processing
* Much less hardware than Flash converters

l * Amenable to self-calibration and digital correction.
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# Parallel Pipelined Converters
* Increase throughput by time-interleaving
* Share resources across multiple channels, keeping area and
power reasonable
* Performance is limited by channel offset mismatch, channel gain

mismatch, multiphase clock generation resulting jitter and skew.

The two-stage architecture described in Chapter | can be generalized to multiple
stages, where each stage determines a single bit. Specifically, the first stage determines
the most significant bit, b;; the second stage finds the next bit b,, and so on.
Unfortunately a straightf{:-n;mrd implﬂiﬁenlﬂliﬂn of this approach would be too slow,
since the final bit would not be available until residual errors ripple through the entire
converter. So, multi-step A/D converters have replaced two-stage architectures, given in

Figure 3.1, for higher speed applications.

“COARBE"

+ ¥

(:.E).I_ MBIT < :} N BITS

~FINE™ ‘l’\[
T
e i |

Figure 3.1 Typical two-step A/D converter architecture [21].

This topology substitutes speed for reduction in complexity and power, and it can
use digital correction to ease the constrains on the coarse A/D converter. Performance
limitations of this topology can be listed as follows:

# A front-end sample-hold amplifier is required.

F}ir - PF_.-{ Ei“{“:ur}
di‘iﬁr

d! |1I1F|H.

(3.1)

= F.»'! I1JJH
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without a sample-hold (S/H) amplifier, the input is not allowed to change more than
0.5LSB during the time it takes to perform the coarse quantization, D/A conversion, and

subtraction. If this time is denoted as tcoarse, then

|
jl:r.!a.l'.':.:' 5 ;‘If 2 N o] (3..‘?.)

+ The second “fine” A/D converter must have a resolution equal to N-bits.
(Figure 3.2). In order to relax this demanding constraint for the stage-two ADC,
residue voltage can be amplified by a factor of 2™ before the second A/D
conversion step. This allows the second step ADC to have a lower resolution,

and still produce the lower-order bits properly. (Figure 3.3)

LT

Figure 3.2 Multi-Step A/D converter figure of performance illustration [21].
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Figure 3.3 Multi-Step A/D converter’s figure of performance illustration with internal

amplification [21].

Thus, the front-end SHA, D/A converter, and subtractor directly affect overall
performance. Conversion speed is set by the time needed to perform multiple
operations. Note that there still exists an exponential dependence of circuit area and
power dissipation with the desired resolution. Multi-step A/D converter’s speed is
proportional to the number of stages employed.

Combining series-parallel topologies together with a small number of bits/stage;
results in a “Pipelined” topology which is very attractive for low power, high speed data

conversion in applications such as video and imaging. A simple pipelined architecture is

illustrated in Figure 3.4.

IN ———] STAGE ET-;EE I — 7

1

ny hifts Ny Bita n; bits

Figure 3.4 A simple Pipelined A/D converter architecture [21].
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Figure 3.5 Implementation of i stage of a pipelined converter [21].

This topology trades conversion speed for latency by using interstage sample-hold
amplifiers. Speed is limited by conversion speed of one stage in this topology. The
number of components grows linearly with resolution, and scaling can be employed to
minimize power dissipation and circuit area; if interstage amplification is employed.

Performance limitations of the topology and some possible remedies can be listed

as follows:

* Pipelined ADC architectures require additional analog processing such
as interstage sample-hold amplifier, D/A converter, subtractor and
amplification,

* Latency may be a problem is some systems,

* D/A converters nonlinearity and amplifier gain error are the principal
contributors to the overall converter’ nonlinearity; these can be
corrected using techniques such as self-calibration and error
averaging.

* A/D nonlinearity and amplifier offset can be compensated by using

digital error correction.
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Figure 3.6 A pipelined A/ converter architecture model with offset and gain error for

both the S/H amplifier and the residue amplifier [21].

3.1 Pipelined Operation

To understand how errors in a pipeline stage affect the converter’s overall
performance it is necessary to understand the ideal pipeline behavior.
Consider the 3-bit pipeline given in Figure 3.7, based on a 1-bit per-stage

topology.

STAGE STAGE | . ETAEEiE

T=kait 1-bit
A |

l -1 Dfa
Wy, = OW Oy m il oo Wiy = =W,

A Dy =1 ==t Vg = +¥W gy

Figure 3.8 Implementation of each stage in Figure 3.7 [21].
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The transfer function for the 1-bit pipelined stage is given in Eq. 3.3 and plotted in

Figure 3.9.

V.. =2V, —-DV

gk £ F

ref

(3.3)

i,

Figure 3.9 The transfer function of the 1-bit stage shown in Figure 3.8 [21].

For a pipelined A/D converter, the overall transfer characteristic can be generated

by starting at the LSB stage (the final stage) and proceeding back to the M5B stage. For

the pipeline example given above, the 3-bit A/D has the following transfer function:

D D4y Dy
111 L
110 L _l_
101 L —
100 |1
011
R _ 010
o= | 001
T [ T T I 1 I | - 1Uil‘t
—-me +vr-r:r

Figure 3.10 Transfer function of 3-bit pipelined A/D converter [21].



To derive the transfer function given in Figure 3.10; first the threshold voltages of
the stages’ comparators are found. For ideal comparators, as the analog input to the

converter passes through these thresholds the digital output will change by 1LSB. So for

stage “n’:

V. <OV = D =0;

3.4
V >0V =D =1 9

O304
0,
Dye=a Dy=1 D,=0 Dy=1
¥ =51
t Va2 —!—E[E—d::—‘i’h
M gt Vo “Vpat +V¥ e
Transtar Functicn of ¥red Plosiine Stags Tirpoafer Fuimetion of lest 2 slages

Figure 3.11 Detailed transfer function characteristics [21].

The transfer function stated above; points out an important fact about the pipeline
architecture. Each group of stages is itself an A/D converter. This A/D simply quantizes
the outputs of the preceding stage. Because both portions of each stage’s transfer
characteristics completely span the resolvable input range of the following group of
stages, all digital codes of the group of stages are ideally accessed.

In Table 3.1 a brief summary of high speed pipelined ADC performance figures
are given for comparison purposes. It can be seen from Figure 3.12 and Figure 3.13, that
pipelined converters usually achieve a favorable balance between high resolution (= 10
bits), high sampling rate, and “acceptable™ silicon area. The price for these advantages,
however, is paid in terms of a more complicated signal flow path, additional functions
such as interstage DACs, and residue amplifiers. In these figures, FMI is the ratio of
sampling rate to equivalent technology f; multiplied by 10 and FM2 is a power figure

of merit normalized to technology f;. It is given by

i
FM2 =20%) 3.5)

P,
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where P is power dissipation, B is number of bits, Sr is sampling rate and {; 1s the

effective unity current gain frequency of the technology.
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Figure 3.12 Comparison of speed figure of merit, between Flash, 2-Step, and Pipeline
ADCs
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Figure 3.13 Comparison of power figure of merit, between Flash, 2-Step, and Pipeline

ADCs
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Author Rate Resolution | Tech nology Power Area
(MS/s) (bits) (W)
| Lewis, UCB. 5 9 3uCMOS 0.18 10k
ISSCCBo6
[ Song, ULIIL [ 12 | 1.5uCMOS 0.4 7.8k
I[SSCCB8
Robertson, 20 10b BICMOS 1.0 85k
AD,ISSCC9
0
Lin, UCB, 2.5 13b 3uCMOS 0.1 40k
VLSI®0
Lewis, ATT, 20 10b TluCMOS 0.3 12k
CICC9l
Corcora, HP, 2 12b TGbip 5.3 26k
ISSCC92
Karanico, MI 1 15b 4G.,2 4u 1.8 100k
&L BiCmos
ISSCC93
Kusumoto, 20 10b 0.8uCMOS 0.03 10k
Mats,
ISSCC93
Sone, 100 10b 0.8u BiCMOS 0.95 32k
Nec,ISSCC9
3
Colleran,UC 100 10b 12Gbip 0.8 30k
LA,
ISSCC93
Conroy, 85 8b 1.2uCMOS 0.8 | 35k
VLSI92

Table 3.1 Pipelined A/D converter performance summary.
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3.2 Circuit Implementation of a Pipeline Stage

AMPLIFIER
=t ra ll'trlﬂl

A f% 417

iny bilx

Figure 3.14 Implementation of i"" stage of a pipelined converter. [21]

A pipelined stage given in Figure 3.14, consists of a sample-hold amplifier in
order to achieve analog pipelining, an A/D converter (usually flash A/D converters are
preferred because of speed considerations), a D/A converter (current based or
multiplying), a residue amplifier which will generate the analog input signal for the next
pipelined stage, also called interstage amplifier, flip-flops for digital pipelining and fast
adders to assemble the final digital output. A flash ADC generally consists of a resistor
chain to generate the reference voltages, which is followed by an array of voltage
comparators. Outputs of these voltage comparators are directly fed into the following
D/A converter to establish digital-to-analog conversion for the rest of the operations.
This converted analog signal, usually called the “residue” voltage, is applied to the
interstage amplifier. Thus, an amplified residue voltage is obtained, which replaces the
analog input signal for the following pipeline stage.

The most common error sources for these circuits are:

* Capacitor mismatch for Multiplying D/A converter
* Sampling switch charge injection

* Comparator offset

* Op-Amp gain error

* Resistor mismatch

* Offset of sample-hold amplifier and interstage amplifier
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The general effect of these sources of error is to cause output voltages of a stage to
not exactly match the resolvable input range of the remaining pipeline stages. Capacitor
mismatch, op-amp gain error and D/A nonlinearty directly affect the converter’s overall
linearity. Calibration techniques or trimming must be employed if high linearity 1s
desired. Comparator offset, which causes nonlinearity in the interstage A/D converter,
and switch charge injection can be corrected by using digital correction. The basic idea
of digital correction is to provide overlap between the quantization ranges of adjacent
stages by using extra comparators. Using the proper digital encoding: a linear transfer

characteristic can be obtained.

3. I MATLAB Simulation Results

In this section, we study the influence of various design parameters on the
performance of a 4-bit ADC, which may form the main building blocks of a pipelined
converter. MATLAB 15 used to model a four-bit flash Analog-to-Digital converter
consisting of a resistor chain and an array of voltage comparators. The inaccuracy of
resistor chain, comparator offset, supply voltage variation and input voltage range,
which are the most important and most effective parameters on converter’s
performance, are modeled in order to see the effects on DNL and INL. Each of the
parameters were set to vary one-by-one and also all together. Possible inaccuracies of
the resistor chain that is used to obtain the reference voltages was modeled by a
variation of the individual reference voltages. While modeling these parameters, process
variation information and preliminary specifications of the Analog-to-Digital converter
were taken into account. In the presence of this knowledge, the range of variation of the

four parameters was set as follows.
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Variation

PARAMETER MIN MAX
(Individual)

Input Voltage Range 0.2V 1.8V
Supply Voltage .71 V 1.89 V
Comparator Offset + 1 mV + 160 mV
Reference Voltage -7 mV 7 mV

Table 3.2 Parameter limit values applied to MATLAB code.

MATLAB simulations were run on these parameters for one thousand different
points per simulation. In each simulation only one of the parameters changed while
others were set to their nominal value. In order to see what effects will occur because of
this specified parameter variation. From the results obtained it was decided to do mixed
simulations (all four parameters vary independently from each other in one simulation

run) within a specified range for all parameters. These parameter set is given below.

Variation

PARAMETER(Mixed) MIN MAX

Input Voltage Range 0.8V 1.6V

Supply Voltage 1.71V 1.890V
Comparator Offset +5mV + 20 mV

| Reference Voltage T mV 7 mV

Table 3.3 Parameter limit values that will be used in the input stimuli for combined

parameter set MATLAB simulations.

It can be seen from the DNL and INL envelope graphs that each parameter has
different influence on the performance of the 4-bit A/D converter. A deeper

investigation of the graphs shows the following results:
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PARAMETER DNL (maximum) INL (maximum)
[nput Voltage Variation + 0.01 LSB + 0L01 LSB
Reference Vn]tag;ﬁariaﬁnn + 0.52 LSB + 0.01 LSB
Comparator Offset 0.56 LSB 0.08 LSB
" Supply Voltage Variation -0.6 LSB 0.01 LSB
MIXED 4 LSB 0.18 LSB

Table 3.4 Maximum and minimum values obtained for INL-DNL characteristic for each

parameter.

DNL and INL values for input voltage variation does not change tm::-. much
because reference voltages for fifteen levels of comparators are determined due to the
input voltage level in order to be able to do comparison with all comparators.

A maximum tolerable DNL value -which is 0.52 LSB - occurs for a +/- 7 mV
resistor voltage variation. Also it could be seen that the integral nonlinearity is not
affected too much with changing the reference voltages obtained with a resistor voltage
divider.

Comparator offset of 50 mV creates a DNL equal to 0.56 LSB, while an INL of
0.08 LSB is observed for 160 mV comparator offset. It could be dictated that
comparator offset must not exceed 50 mV.

A + %5 supply voltage variation creates + (.6 LSB DNL and the integral

nonlinearity is not affected too much with supply voltage variation.

PARAMETER Value
Input Voltage 1V
Resistor Voltage Variation +7 mV
Comparator Offset + 10 mV
Supply Voltage Variation + %% 5

Table 3.5 Maximum tolerable input parameter set.
As a result analog input voltage range should not be less than 0.8V,: 7TmV is the

upper limit for resistor voltage variation; similarly 20mV is the critical value for

comparator offset and 1.89Vis the maximum tolerable supply voltage in order not to
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exceed 0.5LSB Integral-differential nolinearity ranges. All possible INL-DNL

envelopes are given above for all parameters individually and for also combined set of
input parameters. It was decided to use the limit values shown in Table 3.5 as a general

guideline for the transistor level design of the 4-bit flash ADC components.
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Figure 3.15 INL envelope obtained for different input voltage ranges,
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Figure 3.16 DNL envelope obtained for different input voltage ranges.
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Figure 3.17 INL envelope obtained for different resistor voltage variaiior
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Figure 3.19 INL envelope obtained for different comparator offsets.
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Figure 3.20 DNL envelope obtained for different comparator offsets.
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4. ARCHITECTURE COMPONENTS: VOLTAGE COMPARATOR DESIGN

4.1 Pipelined ADC Architecture Overview

Based on the observations outlined in Chapter 3, we propose a Pipelined A/D
converter that is formed by four stages of 4-bit Flash A/D converters, followed by the
corresponding YA converters, subtraction circuits and residue amplifiers (Fig. 4.1).
Brief design specifications of the proposed Analog-to-Digital converter are given in

Table 4.1.

# Architecture : Pipelined (4 stages)

» Sampling Rate : 200 MS/s

» Resolution : 12 bits (4-bits per stage)

# Technology : 0.18 pm CMOS, 1.8V technology.
# Power dissipation : <100mW

# Die size ] <10-15 mm®

Table 4.1 Design specifications of proposed pipelined A/D converter.
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Figure 4.1 Simplified block diagram of the proposed A/D converter architecture.
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Figure 4.2 Detailed circuit architecture for one of the four proposed pipelined stages.
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The detailed circuit architecture of one of the proposed pipeline stages is shown in

Fig. 4.2. The 4-bit flash ADC consists of a resistor chain to generate the reference
voltages, followed by an array of voltage comparators. The outputs of the comparators
are fed directly into a capacitive MDAC (Multiplying DAC) that simultaneously
performs the subtraction of the re-constructed digital output from the original analog
signal, as well as the amplification of the residue signal voltage for further processing
by the next pipeline stage. Note that single-ended signals (as opposed to differential) are
used in the entire circuit architecture. In the following, we will investigate the design of

the main components of this architecture, starting with the voltage comparator.

4.2 Voltage Comparators: Basic Concepts

The most important component in flash A/D converters is the voltage comparator.
The comparator is a circuit that compares an analog signal with another analog signal,
and outputs a binary signal based upon the comparison. What is meant here by an
analog signal is one that can have any value of a continuous range of amplitude values
at a given point in time. In the most strictt sense a binary signal can have only one of the
two given values at any point in time, but this concept of a binary signal is too ideal for
real world situations, where there is a transition region between the two binary states.

The realization of high-speed, high-precision voltage comparators is one of the
key issues in the design of data conversion systems. Traditionally, the main trade-off is
between speed and accuracy, where device mismatch effects tend to limit the achievable
accuracy in high-speed configurations. Silicon area and power dissipation are also
among the main concerns. In addition, the complexity of the clocking schemes used in
high-sped comparators can easily be one of the limiting factors in system design.

The widespread dominance of low-voltage digital CMOS process in mixed-signal
IC design implies that high-performance analog circuit blocks such as voltage
comparators must be designed with the restriction of a single, relatively low power
supply voltage. Also, on chip noise considerations introduce the need to utilize an
increasing percentage of the available power supply range as the input dynamic range.
Consequently, the design of high-speed low voltage comparators becomes a serious

challenge.




4.2.1 Model of a Voltage Comparator

Figure 4.3 shows the circuit symbol for a comparator. This symbol is similar to
that of an operational amplifier, because a comparator has many of the same
characteristics as a high-gain amplifier. A comparator was defined in the introduction as
a circuit that has a comparison of two analog inputs. This is illustrated in Figure 4.4. As
shown in this figure the output of the comparator is high (Vo) when the difference
between the non-inverting and inverting inputs is positive and low (Vo) when this

difference is negative.

Figure 4.4 Zero-order transfer curve of a comparator [3].

Even though this type of behavior is impossible in a real-world situation, it can be
modeled with ideal circuit elements with mathematical descriptions. One such circuit
model is shown in Figure 4.5. It comprises a non-linear voltage-controlled-voltage
source (VCVS) whose characteristics are described by the mathematical formulation

given on the figure.
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Figure 4.5 Zero-order model for a comparator [3].

The ideal aspect of this model is the way in which the output makes a transition
between Vor and Vou. The output changes states for an input change of AV, where AV

approaches to zero. This implies a gain of infinity, as shown below

; . W=
Gain= A, = lim ==
AV =0 AV

i:.-"'

= (4.1)

Figure 4.6 shows the DC transfer curve of a first-order model that is an
approximation to a realizable comparator circuit. The difference between this model and

the previous one is the gain, which can be expressed as

s P:’JH' e Fm. ( 4 2}
1 Vm = Fu_

where Viy and V. represent the input-voltage difference vp-vy needed to just saturate

the output at its upper and lower limit respectively.
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Figure 4.6 First-order transfer curve of a comparator [3]. -

Gain 1s a very important characteristic describing comparator operation, for 1
defines the minimum amount of input charge necessary to make the output swing
between the two binary states. The voltages Vop and Vo, must be adequate to mect |
Vm and Vi requirements of the following digital state.

The transfer curve of Figure 4.6 is modeled by the circuit of Figure 4 7. i
model looks similar to the one for zero-order model, the only difference bein;
functions f; and f;. The second non-ideal effect seen in comparator circuits is
offset voltage. In Figure 4.4, the output changes as the input crosses zero. If ihe o
does not change until the input difference reaches a value +Vge, then this difi
would be defined as the offset voltage (Figure 4.8). The corresponding egurv i

circuit model of a comparator with input offset is shown in Figure 4.9 [3].
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filvp=vp)={ A (v —ry ) lor ¥y <lvp vy )<V,
Pm fl:lr{i'r—]-'ml }{ l"}i.

Figure 4.7 First-order model of comparator [3].
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Figure 4.8 First-order transfer curve of a comparator including offset [3].

Figure 4.9 First-order model of a comparator including offset. The + sign of the offset

voltage accounts for the fact that Vg is unknown in polarity [3].

Up to this point in our discussion we have considered only the DC model for a
comparator. This model includes the parameters of gain, amplitude saturation and offset
voltage. The comparator must also be modeled in the time domain. Figure 4.4 and
Figure 4.6 show that the output of the comparator changes from one state to another for
a given amount of differential output. The point of question is, how long it takes for the
comparator to respond to the given differential input. The characteristic delay between

input excitation and output transition is the time response of the comparator. Figure 4.10
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illustrates the response of a comparator to an input as a function of time. Notice that

there is a delay between the input excitation and the output response.
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Figure 4.10 Time domain response of a non-inverting first-order comparator [3].

This time difference is called the propagation delay of the comparator. It’s a very
important parameter since it's often the speed limitation in the conversion rate of an
A/D converter. The propagation delay in comparators usually varies as a function of the
amplitude of the input. A larger input will result in a smaller delay time. There is an
upper limit at which a further increase in the input voltage will no longer affect the
delay.

Perhaps the major limitation on the resolution of comparators is due to charge
injection, also commonly called clock feed through. This error is due to unwanted
charges being injected into the circuit when transistors turn-off. When MOS switches
are on, they operate in the triode region and have zero volts between their drain and
source terminals. When MOS switches turn-off, charge errors occur by two
mechanisms. The first is due to the channel charge, which must flow out from the
channel region of the transistor to the drain and the source junctions. The channel

charge of a transistor that has zero Vps is given by,

Oy =WLC V y =WLC, (Vs — V5 ) (4.3)



This charge often dominates the second charge (typically smaller, unless Vg 1s very

gmall) which is due to the overlap capacitance between the gate and the junctions.

4.2.2 Examples of CMOS Comparator Circuits

This section describes a number of high-speed comparators that are preferred in
flash ADC circuit structures.
One of the simplest circuits available in CMOS technology that can function as a

comparator is the current-sink inverter given in Figure 4.11.

s —— [, 0

Figure 4.11 Current-sink inverter functioning as a comparator [3].
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Figure 4.12 DC transfer curve of simple comparator [3].

The transfer curve of this inverter is shown in Figure 4.12. The input voltage range of

the comparator is approximately determined by the gain of the comparator. The larger
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the gain, the smaller the input-voltage drive requirements. The major drawback of this
circuit is not gain, however, but the fact that the trip point is dependent upon power
supply. In addition, there is a limited range at which the trip point can be placed, while

still maintaining adequate gain. All these problems can be solved by using a differential

input scheme.
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Figure 4.13 Differential voltage comparator schematic [3].
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Figure 4.14 DC transfer curve of a differential voltage comparator [3].
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Figure 4.13 shows the differential amplifier stage with n-channel input devices
and a single ended output stage. The key attribute of this circuit is its ability to amplify
the difference between the inverting and non-inverting inputs. As a result the trip-point
of a comparator can be made independent of process and supply variation to the first
order. The major drawback of using the differential stage alone as a comparator is the
limited output range, which would probably not be useful for driving digital circuitry.
The limit of the output swing range is given in Eq. 4.4. Also the limited gain of this

single stage is one of the problems.

.l"'..f,u_ = FP -V

il

I, (4.4)

Veou=Vp,—

Thus far, two circuit techniques to implement the comparator function have been
presented. However, neither of the presented circuits performs the comparator function
satisfactorily by itself. But, although these two circuits do not perform well alone; they
can have satisfactory performance if they are combined. Figure 4.15 shows the circuit

diagram of a two-stage comparator.
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Figure 4.15 Two-stage voltage comparator [3].
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The poor gain of the differential stage is augmented by the gain of the inverting
stage. The output of the differential stage that lies closest to Vpp is in the vicinity of the
trip-point of the inverting stage that follows. Therefore the limited output range, which
is a problem for the differential stage by itself, now becomes a good feature in the
combination shown. In Figure 4.15 the total offset seen at the input of the comparator is
due to the second-stage offset rectified to the input and added to the offset in the first-
stage. There also exists some error in the output resulting from the current mismatches.
This error is then reflected back to the input as a systematic offset.

Often a comparator is placed in a very noisy environment in which it must detect
signal transitions at the threshold point. Specifically, hysteresis may be needed in the
comparator. Hysteresis is the quality of the comparator in which the input threshold
changes as a function of the input (or output) level. In particular, when the input passes
the threshold, the output changes and the input threshold is subsequently reduced so that

the input must return beyond the previous threshold before the comparator’s output

changes state again.
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Figure 4.16 Comparator hysteresis curve [3].

The output uncertainty of the comparator can be minimized by adding hysteresis

equal to or greater than the amount of the largest expected noise amplitude.
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Figure 4.17 Comparator with hysteresis applied to the input differential stage only [3].
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Figure 4.18 (a) Comparator response to a noisy input. (b) Comparator response to noisy

input when hysteresis is added [3].

In this circuit there are two paths of feedback. The first is current-series feedback

through the common source node of transistors M1 and M2. This feedback path is
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negative. The second path is the voltage-shunt feedback through the gate-drain
connections of transistors M10 and MI11. This path of feedback is positive. If the
positive feedback factor is less than the negative feedback factor, then the overall
feedback will be negative and no hysteresis will result. If the positive feedback factor
becomes greater, the overall feedback will be positive, which will give rise to
hysterresis in the voltage transfer curve. As long as the ratio Pio/ Pa 1s less than one,
there is no hysteresis in the transfer function. When this ratio is greater than one,
hysteresis will result [3].

Input-offset voltage can be a particularly difficult problem in comparator design.
Offset cancellation techniques are available in MOS technology because of the nearly
infinite input resistance of MOS transistors. This characteristic allows long-term storage
of voltages on the transistor’s gate. As a result, offset voltages can be measured, stored

on capacitors, and summed with the input so as to cancel the offset.
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Figure 4.19 (a) Circuit implementation of an auto-zeroed comparator. (b) Comparator

during ¢, auto-zero state. (c¢) Comparator during ¢; state [3].
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One possible implementation of an auto-zeroed comparator is shown in Figure
4.19. In order for this circuit to work properly, it is necessary that the comparator be
stable in the unity-gain configuration. NMOS switches were drawn instead of CMOS
transmission gates for the sake of simplicity. It is also very important to use non-
overlapping clocks to drive the switches so that any given switch turns-off before
another turns-on. Auto-zero techniques can be very effective in removing a large
amount of comparator’s input offset, but the offset cancellation is not perfect. Charge
injection resulting from clock feed trough can by itself introduce an offset.

The literature on integrated circuit technology has many examples of latched
comparators, such as the example shown in Figure 4.20. This comparator has the
positive feedback of the second stage always enabled. In track mode, when two diode-
connected transistors of the gain stage are enabled, the gain around the positive
feedback loop is less than one, and the circuit is stable. The combination of the diode-
connected transistors of the gain stage and the transistors of the positive feedback loop
acts as a moderately large impedance and gives gain from the preamplifier stage to the
track-and-latch stage. The diode-connected loads of the preamplifier stage give a limited
amount of gain in order to maximize speed, while still buffering the kickback from the

input circuitry.
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Figure 4.20 A two-stage comparator that has a preamplifier and a positive-feedback

track-and-latch stage [2].
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A second comparator shown in Figure 4.21, also uses diode-connected loads o
keep all nodes at relatively low impedance (similar to current-mode circuii des:
techniques), thereby keeping all node time constants small and resulting in

operation. This design also uses precharging to eliminate any memory from the previous

the

decision. For example, the positive-feedback stage is precharged low, whereas
digital-restoration stage is precharged high, somewhat similar to what is done m

Domino CMOS Logic,

b & b
%
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Figure 4.21 A two-stage comparator [2].

A third comparator is shown in Figure 4.22, with appropriate wave forms given 1
Figure 4.23. This design eliminates any input-offset voltages from both the i
second stages by using capacitive coupling. It also has common-mode ol
circuitry for the first preamplifier stage, which allows for input signals that hove

common-mode signals.
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Figure 4.22 A two-stage comparator with capacitive coupling to eliminate input-offset

voltage and clock-feedthrough errors along with positive feedback for fast operation [2].

L

¥

Figure 4.23 The clock waveforms required by the comparator in Figure 4.22 [2].

With a firm understanding of the basic operational characteristics and the design
requirements of voltage comparators, we search for high-speed, high-gain, differential
out, low power and resetable comparator architectures with low input offset. Some

examples of the state-of-art voltage comparators will be given in the following section.
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4.3. Examples of State-of-the-Art Voltage Comparators
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Figure 4.24 A fully differential comparator with two nonoverlapping clocks by Lewis

and Hurst [34].

The voltage comparator given in Figure 4.24 is a fully differential high-speed
comparator. During PHI1, +VIN and —VIN are connected to CS2 and CS3, and +Vy, -
Vier are connected to CS1 and CS4 respectively. Thus, input voltages are sampled and
superimposed to the Vi, voltage. During PH2, the left sides of CS1 and CS4 are
connected together as are the left sides of CS2 and CS3 and common mode rejection is
established. The key advantage of this circuit is; with ideal switches and perfect
matching, the samples of Vommon mode at the end of PH2 are constant and equal to Vyias,
independent of the samples of the input and the reference at the end of PHI1. Also the
preamplifier circuit can be different than the conventional circuits, because the allowed
common-mode gain for the preamplifier is increased by the differencing circuit that is
used. A tail current source connected in a standard differential-pair may not be required.
Thus, eliminating the tail current source would allow an operation at a reduced supply
voltage, consecutively low power. The key disadvantage of this circuit is, the
differential gain here is about half that of a conventional differencing circuit because
four sampling capacitors are required instead of just two. This comparator is a building
block of a 3-bits flash ADC in 2-um CMOS technology with a power supply voltage of
3.3V, a sampling rate of 25MHz, dissipates 1.05mW and occupies 0.25 mm”® [34].

A second high-speed comparator is given in Figure 4.25. This is a voltage

Comparator circuit by Razavi and Wooley [33]. It was realized in l-um CMOS
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technology with single supply of 5V, it dissipates (.55mW and its measured input offset
is less than S5SmV at SMHz sampling rate. Input offset is cancelled during PH1 phase. In
this phase switches 53 through S7 are on, nodes P and Q are charged to Vref+ and Vref-
respectively, and the amplifier’s offset is stored on Cl and C2 capacitors. In the
transition from this mode to comparison mode, PHI1 goes low, turning off switches S3-
S7 and turning on S1 and S2. The circuit then begins to regenerate, amplifying the
voltage difference between +VIN and —VIN and +Vref and —Vref. Since regeneration
begins with M1-M4 already on, its offset voltage is relatively independent of the clock
fall time. Nonetheless, if S5-87 turn off simultaneously any mismatch in the charge
injected onto the gates and drains of M1 and M2 can cause false regeneration around
M3-M4, resulting in a large input referred offset. In order to avoid this problem, phased
clocks are used to turn-on and off the switches as: first turn S3-S6 off to end the reset
mode, than turn S1-52 on to begin the tracking mode and finally turn S7 off to allow
regeneration around M3-M4. The clocking scheme of this comparator is too

complicated although it is shown as a single clock circuit in Figure 4.25.
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Figure 4.25 A comparator by Razavi and Wooley [33].
A third and very suitable voltage comparator example is given in Figure 4.26. This

is a comparator circuit by Frank Op’t Eynde and W.Sansen [32]. An experimental
version of this comparator has been integrated in a standard double-poly-metal 1.5-pm
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n-well process with a die area of only 140 % 100um”. This comparator operates under a
+ 2.5V power supply, performs comparison to a precision of 8-bits, thus its resolution is
equal to *4.9mV. The highest operation speeds of MOS comparators with 8-bits
precision previously introduced than this comparator have been limited to sampling
rates of 30MHz for the same technology. But the experimental prototype achieving 8-bit
accuracy with the sampling rates up to 65MHz is obtained. The power consumption of

the comparator is only 0.B5mW at 65MHz clock rate.
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Figure 4.26 A fully differential. high-speed voltage comparator [32].

The dynamic operation of this circuit is divided into a reset time interval and a
regeneration time interval. The two intervals are approximately between time interval t1
and t2 and between t2 and t4 respectively, as shown in Figure 4.26. During PH2, the
comparator 15 in reset mode. Current flows through the closed resetting switch MI12,
which forces the previous two logic state voltages to be equalized. After the input stage
settle on its decision, a voltage proportional to the input voltage difference is established
between nodes a and b in the end. This voltage will act as the initial imbalance for the

following regeneration time interval. In the meantime, as the n-channel flip-flop is reset,

the p-channel one is also reset by the two closed precharge transistors, which charge
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nodes ¢ and d to the positive power supply voltage. As a result the CMOS latch is set to
the astable high-gain mode.

tl 2 13 t4
Figure 4.27 Timing information for the comparator given in Figure 4.26 [32].

The regeneration phase is initialized by the opening of switch M12. Since the
strobing transistors M8 and M9 isolate the n-channel flip-flop from the p-channel flip-
flop where PHI is low, the use of two non-overlapping clocks perform the regenerative
process in two steps. The first step of regeneration is within the short time slot between
PH2 getting LOW and PHI1 getting HIGH. The second regeneration step starts when
PHI gets HIGH and M8-M9 are closed. The n-channel flip-flop, together with the p-
channel flip-flop regenerates the voltage differences between nodes a and b and between
¢ and d. The voltage difference between ¢ and d is soon amplified to a voltage swing
nearly equal to the power supply voltages. The following SR latch is driven to full
complementary digital output levels at the end of the regenerative mode and remains in
the previous state in reset mode.

The first regeneration step is very important: not only in raising the regeneration
S]Jiaeﬂ but also in reducing the total input offset voltage. The differential errors caused
by ﬂlf: charge injection from M8 and M9, mismatches in the p-channel flip-flop, two
precharge transistors and the S-R latch are divided by the amplification gain in the first
fegeneration step, when referred to the input as an equivalent offset voltage, Therefore,
their contribution to the total equivalent input offset voltage can be neglected if the gain
is large enough,

(At the time when PH2 falls, voltages at nodes a and b decrease because if the
“1‘_:"3"‘. injection, and in the meantime the currents from M1 and M2 charge the two nodes

Lty R : . K
10 resume their voltages. Later, as the conductance of switch M12 becomes smaller than




half of the transconductance of M4 and M5, the n-channel flip-flop starts the first step

of regeneration. This regeneration process can be approximately analyzed using a small-

signal model as shown in Figure 4.28.
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Figure 4.28 Regeneration process small signal equivalent [32].

¥2 VinBmi = Ca dva/di + Zmave + Eo12(Va — Vi) (4.5)
-1/2 Vipmi = Ca dvp/di + Bmava — Sor2(Va — Vi) (4.6)

In these equations vi, is equal to Vi — vipp2. Voltages v, and vy, stand for the
increments relative to the voltage at nodes a and b with zero input difference. Solving

Eq. 4.5 and Eq. 4.6 gives
Vab = [Vao — Voo —8m1 / (28012 — Ema)VinleXp(t/t) + gmi / (28012 — Em4)Vin (4.7)

T=Ca/ (8ma — Bo12) (4.8)

Eq. 4.7 and Eq. 4.8 shows that when g2 is smaller than half of gn¢ T becomes positive
and the first regeneration step starts.

To optimise the speed of the first regeneration step, the most efficient way is to
minimize the time constant. When M12 is off, the time constant only depends on the
capacitance at node a and b and the transconductance of M4 or M5. The capacitance is
related to the sizes of M1, M2, M4, M5, M8, M9 and M12.

The wvoltage difference between nodes a and b reduces very quickly at the
beginning of the reset. Later the reduction rate slows down. It will have a local
minimum at some instant if the current through M12 is equal to the current through M5

while M4 just reaches the edge of conducting, which should be avoided in high-speed
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applications. Therefore, the width of M4 or M5 and M12 should satisfy the inequality of
[z = Is at that moment to ensure that there is still some extra current to charge node b.

By using a simplified current model, the inequality is
Wiz / L Kol (Vaa = Vo — Vrai2)(Va— Vo) = 0.5(Va = V)] >
W / L Kpa[(Va — Vss— Vias) Vo — Vi) = 0.5(V — Vi) (4.9)

In the second period of the reset mode, the circuit behavior can be derived using

the small signal model given in Figure 4.28. Under the resetting conditions, we obtain

Vab = Zm1Vin / (28012 — Ema) + A exp(t/1)
Va + Vi =B exp(-gma / Cst) (4.10)

Eq. 4.7 and Eq. 4.8 indicate that if 2g,> is smaller the gnq it is impossible to have the
comparator reset. If 2g,2 < gns it is impossible to reset the comparator. For the
regeneration time optimization, when MI12 is off the time constant in the first

regeneration step can be written as

Treg = (W4 + EF} / J_ 2L4Wa / Lakon (4.11)

aW4 represents the capacitance related to the width of M4 or M5, and it will also
include the capacitances from M12 and M8 or M9 if W12, W8 and W9 are all chosen to
be proportional to W4. The reference current can be increased to raise the comparison
speed, however Vgs; — Ve will be larger and a larger offset voltage will result. [32]
Based on the discussions presented in this section, we present a new voltage
comparator circuit in the next section that satisfies all of the strict design requirements

set by the high speed pipelined ADC architecture specifications.
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4.4. Proposed Voltage Comparator Architecture

This chapter presents the design of the novel voltage comparator circuit that is
based on a simple symmetric cross-coupled latch structure that operates with a single
clock signal. This circuit is capable of responding to a very wide range of input voltages
(almost equal to the power supply range of the circuit), that makes it a very attractive
option for low-voltage applications. At the same time, the response speed of the

proposed comparator circuit is high enough to allow operation at 200 MHz (in fact, up

to 1 GHz) sampling clock frequency.
4.4.1 Basic Comparator Circuit

The basic version of the proposed voltage comparator circuit is shown in Figure
4.29. Here, the cross-coupled latch core consisting of M1-M4 produces the output
decision based on a small imbalance of the branch currents. The nMOS transistor M35 is
used to reset the laich, while M6 and M7 receive the input signals V, and V. The

parallel-connected nMOS transistors M8 and M9 simply provide robust current path for

the output latch during the decision phase.
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Figure 4.29 Basic voltage comparator schematic.

The dynamic operation of the circuit is controlled by a single clock signal (CLK).
When the clock is HIGH, the output latch (and consequently, the comparator) is in reset
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mode. Both output nodes are stabilized at inversion threshold, and the output latch
operates at its highest gain point. Meanwhile, the two input voltages V, and V, are
applied to M6 and M7, producing a slight difference in the drain-to-source voltage
levels. When the clock signal returns to zero, M5 releases the cross-coupled latch from
its reset mode while M8 and M9 are turned on to provide a robust current path for the
latch circuit. The output decision is produced in a very short amount of time based on

the previously established current / voltage difference between the two symmetric

branches.
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Figure 4.30 Output waveforms of basic voltage comparator circuit.

The typical output voltage waveforms of the basic comparator circuit are shown in
Figure 4.30. The input voltage difference reverses its sign in consecutive clock cycles,
and the corresponding output decision is generated with a very short response time
following the falling edge of the clock signal. The basic comparator circuit has the
significant advantages of a very simple structure, small area, relatively high-speed and

low power dissipation.
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Figure 4.3]1 Response time vs. input voltage difference.

The output response time of the basic comparator circuit is shown in Figure 4.31
as a function of the input voltage difference AV. The response time is seen to increase
as the voltage difference becomes smaller, but does not exceed 650 ps even within 2mV
of decision threshold. The response time drops significantly, as the input voltage
difference becomes larger. Typical response times for AV = 500mV were found to be
less than 200 ps when driving a capacitive load of 50 fF on both outputs. Note,
however, that this basic comparator circuit cannot produce a reliable output decision
when both of the input voltages are below the threshold voltage level of nMOS
transistors M6 and M7. Response times for the full input range that can produce a
reliable output for the basic comparator circuit can be seen in Figure 4.32. Note that, V,,
is held constant at Viull_scate / 2 in this figure.
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Figure 4.32 Response time variation along the entire input dynamic range for basic

voltage comparator. (Vi seale = 1.8V)

4.4.2 Full Complementary Voltage Comparator

As already mentioned in the previous section the basic comparator circuit suffers
from a limited input dynamic range. To further increase the input dynamic range the
basic topology is modified with four additional transistors. The circuit diagram of the

improved comparator circuit is shown in Figure 4.33.

77




e M o
et
RN
N |HFL:"IF'

Figure 4.33 Full-complementary voltage comparator circuit diagram.

The added complementary pMOS transistors in the pull-up path of the latch core
act the same way as the nMOS transistors in the pull-down path. During the reset phase,
the pMOS transistors driven the input voltages create a small current difference between
the two symmetric branches, and during the decision phase, the two pMOS transistors
driven by the clock signal establish a current path for the latch circuit. The
complementary pMOS transistors become especially important when both input
voltages are lower than the threshold voltage of the nMOS transistors. Thus, the circuit
has the ability to respond a very wide input dynamic range. which practically extends to
full range of the power supply voltage.

After the simulations done to identify the input voltage range that this topology
can handle, it is confirmed that almost rail-to-rail input voltage range in 1.8V supply
voltage is achievable. This improved comparator topology can produce a reliable output
decision in all process corners when 1.6V, input voltage range is used. It can also
produce reliable outputs for typical and best case simulation conditions for 1.8V, input
voltage range for the simulations done from schematic view.

The disadvantage of this topology is the insufficient response times (typically 600
ps) for 200 MHz pipelined A/D converter structure. Still, the complementary
comparator with improved input voltage range has the significant advantages of a very

simple structure, small area, low power dissipation and almost rail-to-rail input dynamic

range,
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4.4.3 Improved Full Complementary Voltage Comparator

As already mentioned in the previous section. the improved basic voltage
comparator with the full complementary input stage suffers from a limited output
response time. To further improve the response speed, the new circuit was modified
with four additional transistors. The circuit diagram of the improved complementary
comparator circuit is shown in Figure 4.34. The operating principles of the improved
full-complementary comparator are exactly the same as the original complementary
voltage comparator described in Section 4.4.2, with the exception that the output stage

provides significantly better drive capability to improve the response times.
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Figure 4.34 Improved full complementary voltage comparator circuit,

Note that in Figure 4.34, the transistors that correspond to the basic voltage
comparator circuit are highlighted. The transistors M10-M13 are used to further
improve the output response speed. Note that the CMOS pair at each output node is
driven by the output signal of the other output, resulting in an accelerated pull-up (and
pull-down) of the corresponding output levels. Figure 4.35 shows the output response
time of the improved comparator circuit as a function of the input voltage difference,

when both outputs are loaded with 50 fF load capacitance.
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Figure 4.35 Response time of improved full complementary comparator with respect to

input voltage difference.

The response times of the improved complementary comparator circuit were
found to be about 150 ps shorter than those of the basic comparator circuit (Figure 4.32)
for larger input voltage ranges (which includes threshold levels of both nMOSs and
pMOSs). As a result sampling frequencies up to 1 GHz were obtained. The worst case
response times for larger input voltage differenced are plotied in Figure 4.36, where one
of the input voltage is held constant at Vs / 2 = 0.9V, the other input is progressively
increased with 10mV steps, and the response times were recorded. It can be seen that

the response times exhibit a very symmetric distribution for the entire input range.
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Figure 4.36 Response times of the improved full complementary voltage comparator,

obtained for the entire input range.

Also response times for different input voltage differences can be seen in Figure

4.37 while one of the input is held constant at LSB reference voltage level (0.1 V) and

the other is increased by 100mV voltage steps.

i

B

Raapaonms Time | e |
E

CORPARATOR RESFOMEE TIME

02

aH 1
Dalta Vi V]

(i)

1.8

Figure 4.37 Response times obtained for different input voltage differences.

Power consumption of the improved complementary voltage comparator is

examined in two different ways. First, consumed power is examined with changing the
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voltage difference applied to the two inputs (Figure 4.38), second; power consumption

is plotted for different sampling frequencies (Figure 4.39).
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Figure 4.38 Power consumption for different input voltage differences.
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The worst-case input voltage offset of the improved complementary comparator
was found to be <10 mV, allowing conversion with greater than 10-bit accurac},: at a
dynamic input range of 1.6V, The INL and DNL error values remain with in
+ 0.1LSB for this 4-bit application, due to the fact that the maximum offset does not
exceed 10 mV. To evaluate the performance of the proposed improved complementary
voltage comparator circuit in ADC applications, we have constructed and extensively
simulated four bit flash A/D converter architecture consisting of a resistor voltage
divider chain and fifteen identical comparators (Figure 4.41). Each comparator in the
simulated converter chain drives dual CMOS transmission gates, which represent a
combined load capacitance of approximately 50 fF. Characterization of the improved
full complementary mmparat-:;r. for all three corners (best-typical-worst) in respc;ﬂé.e
time, power consumption, integral and differential nonlinearities, offset and also
sampling speed simulations were done for the given 4-bit flash topology. These
simulation results are given below with detailed information specified underneath of
each figure. The mask layout of the improved complementary comparator is shown in
Figure 4.40. The circuit occupies a silicon area of about 320 um® in 0.18 pm CMOS
technology.
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Figure 4.40 Layout of the improved complementary-in voltage comparator.
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Figure 4.41 4-bit ADC / MDAC schematic used in improved full complementary

voltage comparator verification.

A 4-bit flash ADC and MDAC were simulated for the entire input dynamic range
in ideal simulation conditions for all three corners of silicon parameters. Delays of ()
and Q_ outputs were recorded for the corresponding falling edge of the CLK as well as
the delay of the multiplying DAC output. This data obtained for typical corner silicon is
given in Figure 4.42. Then, possible mismatch errors that can occur in the input
transistors were taken into consideration and simulations modeling these effects were
done on the schematic given in Figure 4.41. Mismatch that can occur in nMOS
transistors was set to a maximum of +%3.58 and + %2.85 for pMOS transistors in the
design rule manual for 0.18um CMOS technology. Thus, three corner simulations were
done to identify these effects on comparators with manually mismatched input stages
for different input voltage levels. The strategy of these simulations was to apply manual

mismatch information to only one input stage transistor at a time. Consequently, nMOS
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and pMOS input stages were disturbed independently from each other. Only typical

corner simulation results will be given for LSB, MSB and Vi scae / 2 voltage levels,
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Figure 4.42 Response times for (), Q  and MDAC output voltage in ideal conditions.
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Figure 4.44 Response times obtained for input voltage at LSB level, typical corner and

pMOS input stage transistors with mismatch.
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Figure 4.48 Response times obtained for typical corner simulations for S00MHz clock

frequency.

From Figure 4.48 to 4.50 the influence of clock frequency can be seen on
response time for the improved complementary voltage comparator circuit. Increasing
the clock frequency does not result in a significant deterioration of response times. Thus
applications are found out to be feasible up to 1 GHz of clock frequency.

With these characteristics, the proposed voltage comparator structure emerges as a
good candidate for high-speed Flash A/D converter applications where accuracy and
response speed are crucial. In addition, the improved full complementary comparator
circuit can utilize the entire power supply range as its dynamic input voltage range,
thereby improving its noise performance.

As can be seen from the characteristics given above, the dynamic power
dissipation of the basic and improved comparator circuits was also simulated in detail,
since power consumption typically represents one of the most important limitations. The
only significant power dissipation was observed during the reset phase, when the cross-
coupled latch circuit is forced to operate at inversion threshold. When the clock signal

switches to zero, the circuit quickly reaches its stable
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Figure 4.49 Response times obtained for typical corner simulations for 750MHz clock
frequency.
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decision state and it ceases to conduct current. In terms of power dissipation, the basic
voltage comparator circuit is expected to perform better than the improved
complementary-in version, since the current path during the reset phase is defined only
by M6 and M7 in the basic comparator circuit topology. By contrast, the improved
complementary voltage comparator circuit draws a larger amount of current from the
power supply because the cross-coupled latch and the external pull-up / pull-down
transistors are biased at inversion threshold (saturation current) during the reset phase.
Finally, worst case response times observed at the output nodes of the converters
are plotted in Figure 4.51, as a function of the input voltage level, simulated at a clock

frequency of 200MHz.
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Figure 4.51 Worst-case response time vs. input voltage in a simulated 4-bit flash ADC,

Figure 4.52 shows the simulated average power dissipation of the two comparator
circuits (basic comparator vs. improved complementary comparator), as a function of
the sampling frequency. It is observed that the basic voltage comparator dissipates
significantly less power compared to the improved version of the circuit. Still the

average power dissipation of the improved complementary-in comparator remains at
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about 0.8mW for 200 MHz sampling frequency, and increases to about 1.2mW only at |

GHz sampling frequency.
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Figure 4.52 Average power dissipation of the comparator circuits vs. sampling

frequency.

The integral non-linearity (INL) and differential non-linearity (DNL) error worst

case values remain within + 0.1 LSB for this 4-bit flash application (typically < +0.01

LLSB), due to the fact that the maximum offset does not exceed 10 mV. Three corner

simulations were done to clarify the performance measures such as INL and DNL.

Typical corner simulation results can be seen in the graphs provided.
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Figure 4.53 Integral non-linearity obtained with improved full complementary

comparator for typical simulation corner.
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Figure 4.54 Differential non-linearity obtained with improved full complementary

comparator for typical simulation corner.

Both INL and DNL graphs obtained for the comparator chain shows peak values

at the first and last thermometer codes because of the input related offset of the first and

last components of the comparator chain.




4.4.4 Low Power Version of the Complementary Comparator

After determining how much power is dissipated by the improved complementary
comparator circuit we decided to find a low-power solution without changing any of the
response speed, input-offset and simplicity of the topology.

As already mentioned in the previous section, significant part of power dissipation
was observed during the reset phase because of the cross-coupled latch and the external
pull-up / pull-down transistors which were implemented in the topology to further
improve the response speed. As a result response time and power consumed are two
trade-offs of our voltage comparator design.

Response speed being one of the most critical design specification of flash Am
converters and also our A/D converter, which will work at 200 MHz, we do not want to
give up the response times we reached. By contrast we also do not want to consume that
much power. So, to further reduce the power consumption of the improved
complementary comparator circuit we propose the low power version that includes four
additional transistors implemented in the output stage to latch the decision levels during
the reset mode, which in return lowers the power dissipated. The low power version of

the improved comparator circuit is given in Figure 4.55,

- |

o 1 s M

N .l'

CHL

Figure 4.55 Comparator circuit with latched output stage during reset mode (Low power

comparator version.)
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The latching pMOS transistors are enabled with the clock signal and nMOS
transistors with its complementary. During reset phase (while CLK is HIGH) the output
's in latch state so that the outputs stay at their previous decision levels. Because there
does. not exist any DC path for current in this mode, the output stage of the voltage
comparator does not consume any power during reset phase. After reset phase in which
CLK is LOW, evaluation phase is entered and all the latching MOS transistors are
turned-on and a new decision is made within very small time interval.

By the simulations done it is found out that power consumption of the improved
complementary version is halved in this low power version. But in return response times
increase about 50 ps. The input offset is also increased due to the clock feedthrough
from the latch transistors implemented. So we decided to use the improved full
complementary version presented in Section 4.4.3 in our 12-bit pipelined A/D converter

structure, despite the higher power dissipation.




5. ARCHITECTURE COMPONENTS: HIGH-SPEED OP-AMP DESIGN

5.1 Introduction of Basic Concepts

An important analog building block, especially in data-converter systems, is the
sample-and-hold circuit. Before proceeding, it is worthwhile to mention that sample-
and-hold circuits are also referred to as “track-and-hold” circuits. MNormally, these two
terms are synonymous except for a few switched-capacitor sample-and-hold circuits that
do not have a phase where the output signal is tracking the input signal. Sample-and-
hold circuits are necessary components in many data-acquisition systems such as A/D
converters. In many cases, the use of sample and hold (at the front of the data converter)
can greatly minimise errors due to slightly different delays times in the internal
operation of the converter [2].

Before discussing the basic principles of sample-and-hold circuits, it is necessary
lo mention some performance parameters used in characterisation.

» The first of these parameters is a sampling pedestal or a hold step. This is an
error that occurs each time a sample and hold goes from sample mode to hold
mode. During this change in operation, there is always a small error in the
voltage being held that makes it different from the input voltage at the time of
sampling. Obviously, this error should be as small as possible. Perhaps more
importantly, this error should be signal independent; otherwise it can introduce

nonlinear distortion (Figure 5.1).
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Figure 5.1 Input and output waveforms of a conventional sample-and-hold amplifier

illustrating some errors possible.

Another parameter is a measure of how isolated the sampled signal from the
input signal during hold mode. Ideally, the output voltage will no longer be
affected by changes in the input voltage. In reality, there is always some signal
feedthrough, usually through parasitic capacitive coupling from the input to the
output. In well-designed sample and holds, the signal feedthrough can be greatly
minimised.

A third important parameter is the speed at which a sample and hold can track
the input signal, when in sample mode. In this mode, a sample and hold will
have both small-signal and large-signal limitations due to its —3dB bandwidth
and finite slew rate, respectively. Both —3dB bandwidth and slew rate should be
maximised for high-speed operations (Figure 5.1).

Yet another limitation (somewhat less important in high-speed designs) is the
droop rate in hold mode. This error is a slow change in output voltage, when in

hold mode, caused by effects such as leakage currents due to the finite base
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currents of bipolar transistors and reversed-biased junctions. In most CMOS
designs, this droop rate is so small it can be often be ignored (Figure 5.1).

A fifth limitation is aperture time uncertainty. This error is the result of the

%

effective sampling time changing from one sampling instance to the next and
becomes more pronounced for high-speed signals. Specifically, when high-speed
signals are being sampled, the input signal changes rapidly. resulting in small
amounts of aperture uncertainty causing the held voltage to be significantly
different from the ideal held voltage (Figure 5.1) [2].

Other performance parameters are also important when realizing sample and hold
circuits. These include parameters such as dynamic range, linearity, gain, and oflset
errofr.

Operational amplifiers (op-amps), being the heart of the sample-and-hold circuits,
will be examined deeply here afier. In addition to the classic sample-and-hold function,
a pipelined A/D converter architecture also requires fast and accurate amplification of
the residue signal at the end of each pipeline stage. Again, a highly linear op-amp with
small offset and high slew rate is preferred for this function.

We loosely define an op-amp as a “high-gain differential amplifier”. By “high™ we
mean a value that is adequate for the application, typically in the range of 10" to 10°.
Since op-amps are usually employed to implement a feedback system, their open-loop
gain is chosen according to the precision required of the closed-loop circuit.

Up to two decades ago, op-amps were designed to serve as “general-purpose™
building blocks, satisfying the requirements of many different applications. Such efforts
brought to create an “ideal” op-amp with very high voltage gain (several hundred
thousand), high input impedance and low output impedance, but at the cost of many
other aspects of the performance, eg., speed, output voltage swing, and power
dissipation.

By contrast, today’s op-amp design proceeds with the recognition that the trade-
offs between parameters eventually require a multi-dimensional compromise in the
overall implementation, making it necessary to know the adequate value that must be
achieved for each parameter. For example, if the speed is critical while the gain error is

not, a topology is chosen that favours the former, possibly sacrificing the later.

97




: 2 in: e
i =0 e "
B oy o 3 E
, :
4.0 ] “out ‘our
b -
: - T : — - = —.
J = Siml E | P
-~ .
] L TN AE
i =0 s 0 = i
— | o0—4—0 g s E=v-w
e " -
L ) | ‘ o
B = Zan g
L
= /—J— o
.a*"f
.-""-..-.
o

Figure 5.2 Behavioral model for ideal differential input, single-ended output op-amp|[1].

Ideally, an op-amp has infinite differential voltage-gain, infinite input resistance,
and zero output resistance as shown in Figure 5.2. In practice, the operational amplifier
only approaches the ideal characteristics. Some of its other non-ideal characteristics are
illustrated in Figure 5.3. The finite differential-input impedance is modelled by Rig and
Cia. The output resistance is modelled by Rou. The common-mode input resistances are
given as resistances of Ricm connected from each of the input to ground. Vg is the input-
offset voltage necessary to make the output voltage zero if both the inputs of the op-amp
are grounded.

I« (not shown) is the input-offset current, which is necessary to make the output
voltage zero if the op-amp is driven from two identical current sources. Therefore, 1, 15
defined as the magnitude of the difference between the two input-bias currents lg; and
Ins. Since the bias currents for a CMOS op-amp are approximately zero, the offset
current is also zero. The common-mode rejection ratio (CMRR) is modelled by the
voltage controlled voltage source indicated as V/CMRR. This source approximately

models the effects of common-mode input signal on the effects of common-mode input

o )

. L —2
signal on the op-amp. The two sources designated as e, and /, are used to model the
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op-amp noise. These are voltage- and current-noise spectral densities with units of mean

square volts and mean square amperes, respectively [3].

Figure 5.3 A model for an ideal op-amp showing some of the nonideal

characteristics [3].

Not all of the non-ideal characteristics of the op-amp are shown in Figure 5.3 [6].
Other pertinent characteristics of the op-amp will now be defined. The output voltage of

Figure 5.2 can be defined as

(5.1)

Vouls) = A"’{*’)[F (s)-F (é'}]+ Ac{s{rﬁ & ; > (S}J

where the first term on the right is the differential portion of Voui(s) and the second
term 1s the common-mode portion of the Vout(s). The differential-frequency response is
given as A.(s) while the common-mode frequency response is given as A(s). A typical

differential-frequency response of an op-amp is given as

Av(s) =

(5.3)

(%’t . |J(y:u_ 1]
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where pi1, ps.... are poles of the operational amplifier (op-amp) open-loop transfer

function. In general, a pole designated as p; can be expressed as
p, =-W, (5.4)

where w; is the reciprocal time constant or break-frequency of the pole p;. While the op-
amp transfer function may have zeros, they will be ignored now. Ay or Ay (0) is the
gain of the op-amp as the frequency approaches zero. Figure 5.4 shows a typical
frequency response of the magnitude of A(s). In this case we see that w, is much lower
than the rest of the break-frequencies causing w; to be the dominant influence in the
frequency response. The frequency where the —6dB/oct slope from the dominant pole

intersects with the 0dB axis is designated as the unity-gain bandwidth, abbreviated GB,
or GBW, of the op-amp.
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Figure 5.4 Typical frequency response for an op-amp [3].

Other non-ideal characteristics of the op-amp not defined by Figure 5.3 include the
power-supply rejection ratio, PSRR. The PSRR is defined as the product of the ratio of

the output voltage of the op-amp caused by the change in power supply and the open-
loop gain of the op-amp. Thus,
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The common-mode input range is the voltage range over which the input
common-mode signal can vary. Typically, this range is several volts less than Vpp and
several volts more than Vgs.

The output of the op-amp has several important limits, one of which is the
maximum output current sourcing and sinking capability. There is a limited range over
which the output voltage can swing while still maintaining high-gain characteristics.
The output also has a voltage rate limit called slew rate. The slew rate is generally
determined by the maximum current available to charge or discharge a capacitance.
Normally slew rate is not limited by the output, but by the current-sourcing capability of
the first stage. The last characteristic of importance in analog sampled-data circuit
applications is the se#tling time. This is the time needed the output of the op-amp to
reach a final value (to within a predetermined tolerance) when excited by a small signal.
This is not to be confused with slew rate, which is large-signal phenomenon. Many
times, the output response of an op-amp is a combination of both large- and small-signal
characteristics. Small-signal settling time can be completely determined from the
location of the poles and zeros in the small-signal equivalent circuit whereas slew rate is
determined from the large signal conditions of the circuit.

The importance of the settling time to analog sampled-data circuits is illustrated
by Figure 5.4. It is necessary to wait until the amplifier has settled to within a few tenths
of a percent of its final value in order to avoid errors in the accuracy of the processing
analog circuits. A longer settling time implies that the rate of the processing analog
signal must be reduced.

Fortunately the CMOS op-amp does not suffer from all of the nonideal
characteristics previously discussed. Because of the extremely high input resistance of
the MOS devices, both Rig and I, are of no importance. A typical value of Riq is in the
range of 10" ohms. Also Ry, is extremely large and can be ignored.

Before the actual design of an op-amp can begin, though, one must set out all of
the requirements and boundary conditions that will be used to guide the design. The

fundemental boundray conditions and specifications are listed below, in Table 5.1. Note
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that the typical values (expected values) given here are intended for an op-amp that is
designed using a single power supply (1.8 V), and that should be capable ot handling
tasks such as high-speed sampling and amplification (at frequencies above 200 MHz)
while driving a relatively small on-chip capacitive load. The design trade-offs that are
involved for the realization of the indicated specifications are also listed in Table 5.1,
emphasizing the fact that the improvement of one particular specification is usally

dependent on other parameters that must be sacrificed.

» Boundary conditions:
* Process specifications (Vr, K, Coy. etc.)
* Supply voltage range
* Supply current range

* Operating temperature and range.

Specifications T}'pi;:al Requirements Trades-off with
Gain =70 dB Linearity, PSRR
Gain Bandwidth = 500 MHz SR, Offset
Settling Time = lns SR, GBW
Slew Rate =1V/ns GBW, Settling time
Input CMR =z 04V
CMRR = 60 dB
PSRR = 60 dB
Output Swing = 1.4 Vpp Noise, Settling time,
GBW, SR
Output Resistance > 100 MQ Output-voltage swing
Offset T £+ 10mV Gain, GBW
MNoise < 100nV / «/Hz at 1 KHz | OQOutput-voltage swing
Layout area < 120.000 pm® Gain

Table 5.1 Typical specifications of a CMOS op-amp.
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5.2 OTA Based Op-Amp Design Flow

An operational transconductance amplifier (OTA) given in Figure 5.5, also called
a transconductance element or a transconductor, is a device that translates voltage inputs
to current outputs, such that igy = Guvpy Recently, OTAs have emerged as compelling
alternatives to conventional op-amps in the realisation of fully integrated continuos-time
active filters. Part of the interest in OTAs stems from their relative simplicity in
comparison to a standard op-amp circuits, For example, CMOS OTAs are single stage
circuits, essentially comprised of a simple differential stage. Hence, at high frequencies
where large excess phase significantly degrades the performance of a conventional op-

amp, a properly designed OTA can still maintain near ideal behaviour.

Figure 5.5 The differential OTA symbol and ideal model [1].

An OTA has a large open-loop output resistance at low frequencies. Its gain is

characterised by a transconductance G, that can be quite large.

Manual analysis of a symmetrical CMOS OTA will be examined in detail in the
following paragraphs.

The circuit schematic of the CMOS OTA with symmetrical input stage is given in
Figure 5.6. The differential pair is formed by input transistors M1 and M2. They drive
their output currents in two transistors, M3 and M4, which are connected as diodes.
They are the inputs of two current mirrors with current multiplication factor B. Typical
values are B = 1 to 3. The output current of transistor M5 (see Figure 5.6) is then

mirrored once more in current mirror M7, M8, with B = 1, as indicated [1].
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Figure 5.6 Symmetrical CMOS OTA schematic [1].

Gain of the symmetrical CMOS OTA: At nodes 4, 5, and 6, a diode connected

MOS is driven by a current source. A diode connected MOS represents only a small

signal resistance of %{ . whereas the current source has an output resistance r,, which
is much higher than %g . As a result, at each of these nodes, the small-signal
L

resistance with respect to ground is quite small, ie. y

The small-signal resistance is high only at the output node 7. It is formed by the
two output resistances of rys and ryg in parallel. For equal values of r.s = reg, output
resistance Royr equals res/2. On the other hand, the transconductance of symmetrical
OTA is Bga.

The voltage gain A, is then given by multiplication of transconductance and Rour,

or by Eq. 5.6.

2K (W
A, =Bxg, xRy =JL[T] K{raﬁ "r"'r"uu] (5.6)
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Note that factor B is not present in the expression of the gain A,. The
transconductance increase B times whereas Ryt decreases B times. The voltage gain
A, can thus be increased by increasing ros or rog. With this additional degree of freedom,
the output resistance Royr and the voltage gain A, can be increased without effecting
OTASs transcon duﬁmzlm.

Up until this point, the total gain A, of the OTA has been considered. The gain of
the first stage A, alone is also important as well, as it determines the noise performance

of the OTA. It is given by the ratio of (vs — v4) / viny. if vigo is grounded. It is found by

inspection to be

" ¥
A _gml e KII ) L

"em K, (F%);

(3.7)

For the noise purposes, we must ensure that the noise of the input stage is
dominant over the noise of the output transistors referred to the input. Therefore, the
gain must be larger than unity, ie. the gain must have a minimum value of three, the
reasons for which will be explained shortly [1].

GBW of the symmetrical CMOS OTA: The values of the dominant and
nondominant poles can be determined as well as the value of the GBW (Gain
Bandwidth). There exist more nondominant poles than a simple OTA because of the
higher number of signal carrying nodes. They must be shified to sufficiently high
frequencies in order to ensure a phase margin (PM) of more then 60 .

The dominant pole f; is evidently realised at node 7, which exhibits the highest

resistance, ie. Royr. Its value is given by

1
- Eﬂﬂf;h'."!' (Eﬂ'." + EL }

Ja (5.8)

in which C,7 includes all parasitic capacitances connected to node 7, due to the OTA

(see Figure 5.6). The value of GBW is given by
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GBW = A f, =— 28m ___p K.t /L (5.9)

27(C, +C,) ¥r:  C.,+C,

“n7?

the value of GBW is increased by the design parameter B at the expense of more current
consumption. In order to be able to effectively use this value of GBW, the nondominant
poles are evaluated first. The calculation of phase margin will show that the factor of B
can never be made large [1].

Phase margin (PM) of the symmetrical CMOS OTA: Nondominant poles occur
at all other nodes, ie. at nodes 4, 5, and 6, due to the capacitances on these nodes. Nodes
4 and 5 carry small signals, which have the same amplitude but the opposite phase.
Therefore, the poles at nodes 4 and 5 are the same. Together, they form one single

nondominant pole f,4s. It is found by inspection and is given by

(5.10)

Snds =

Eoa  _ 'JE K I.u lg "J[H%L

2aC, 27 C

The other nondominant pole occurs at node 6, ie. f,45. but acts on only half of the
output signal. Indeed, only the current flowing in M3, M5, M7, and M8 is subject to this
pole. A thorough analysis shows that, when a pole acts on only half of the signal, a zero
must be added at twice the frequency. A pole-zero doublet is thus created. This pole is

again found by inspection an is given by

frd'.ﬁ = w1 'JZK;:IB HB:H%:?‘
a

22C,, Py s C
f:ﬁ =2 E.f.-uﬁ

(3.11)

The value of phase margin is given in Eq. 5.12.
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C
wheregq, . = arctan BA -—L (5.12)
{’T.I'. T f: nT

andp, . = arctan

[t can be noted that the phase margin can be increased by
* decreasing node capacitances C,s and C,5

* decreasing B

* increasing (HZL ),

provided we keep A, ;and Cy constant.
It i1s not acceptable to decrease B too much. Factor B is normally increased to

increase the slew rate (to be explained later). A good compromise is B = 3. For a given

Cy. this leaves us thus only (H’A J? to adjust in order to ensure sufficient phase margin.

However, the phase margin is not very sensitive to lﬁ%)F because gy is only a weak

function of {H%]_ [1].

Slew rate: Slew rate of a symmetrical CMOS OTA is determined by the load
capacitance Cp. The current available to charge this capacitance is Blg, thus, the slew

rate can be given as in Eq. 5.13.

SR=B—1o (5.13)
f:.n". + tI:lrr]"

Factor B can be used to increase the slew rate of the symmetrical CMOS OTA in the

excess of current consumption determined as (1+B) Ig [1].

—_—

Noise performance: The total output noise voltage power d pi” is the sum of the

equivalent input noise voltage powers dvi of each transistor, multiplied by their gain

e ———

Squared. The equivalent input noise voltage power d Fi then obtained by division of

the total gain squared. Excess noise y is the normalised total equivalent input noise to

€quivalent input noise of one of the input transistors can be given as in Eq.5.14.
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Bl V&)

The total equivalent input noise can thus be reduced to the equivalent input noise
of only the two transistors provided the gain of the first stage A, is large. Since this
implies lower stability, as shown in Eq. 5.12, a compromise is taken for A,,, such as
three to five. Increasing B helps, but it also reduces the phase margin, thus a good
compromise for B is one to three.

We need to convert current output of the symmetrical CMOS OTA into voltage
thus, we used an inverter with a feedback resistor and a Miller compensation
capacitance placed between input and output nodes of that inverter. Manual analysis of

this inverter will be examined here after [1].

3.3 Inverter-Based Output Stage Frequency Analysis

_ s Y
N LA ouT

Figure 5.7 Inverter-based output stage schematic.
We use a CMOS inverter as given in Figure 5.7 in order to convert the current

output of the symmetrical CMOS OTA in to voltage output. An inverter topology was

choosen in order to have rail-to-rail output swing that is essential for both the sample-
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and-hold and residue amplifiers. Simplicity of the topology, easily obtained high gain,
almost rail-to-rail input and output swing properties were the leading specialities of such
an architecture. A feedback resistor is used to establish analog output in between the
input node and output nodes of inverter, which will degrade the inverters operational
characteristics considerably. Using a feedback resistor between input and output of an
inverter will obviously decrease the voltage gain, but still sufficient enough for our
purpose. Frequency response of such a circuit will be examined here after.

Miller compensation is also used for enough phase margin thus the circuit will be
simplified into a two pole system with the help of Miller conversion. Small signal
equivalent of the inverter given in Figure 5.7 can be seen in Figure 5.8. Manual analysis
will be carried on this schematic now on. We used Miller :hearém in order to derive the

poles and zeros of the inverter based output stage. (Figure 5.9)

Figure 5.8 Simplified small signal equivalent of the inverter [26].

By simply writing the RC equivalents of both independent parts in Figure 5.9

*

poles and zeros can be found out. From the input part

¢ =&)Y tlmv}w

& . * ]
3 / ’
H ) vl gy g (]E B oy O

Figure 5.9 Equivalent circuit of Figure 5.8 [26].
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From the second part we obtain:.
g
Ril'
r,+ *
ot
"":[l.: y
z, == : - (5.16)
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Thus it is proved out that the inverter with feedback resistance and capacitor gives
two poles and one zero in the frequency domain.

After deriving out the AC characteristics of such an inverter used in a feedback
architecture, we found out that the op-amp formed by symmetrical OTA cascaded to an

inverter has five poles and two seros. Special care must be taken for stability issues in
the required bandwidth.

5.4 OTA Based High-Gain Op-Amp Design

An op-amp with high open loop gain, high slew rate, small input / output offset,
highly linear and stable for a very wide frequency range is needed for amplifiving the
residue voltage in each pipeline stage.

This op-amp will be used in a negative feedback with a feedback gain of eight
(refer to Chapter 6). Absolute value of the feedback gain is so critical that it could effect
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directly the INL, DNL of the over all analog-to-digital converter. Applied resistive

feedback will result in a closed loop gain of

o

" =m (5.17)

where [} is the loop gain and A.g i1s the open loop gain of the op-amp. Eq. 5.17 can

easily be simplfied as %f if Ay is sufficiently large. Otherwise there will arise

amplifying gain error inevitably that will result in degradation in converter performance
directly. High slew rate is essential in high-speed pipeline A/D converters because the
amplified residue will be used as the analog input signal for the proceeeding pipeline
stage. Thus, it has to settle to a specified — tolerable — range with in a very small period
of time. Output offset has to be minimized, otherwise the value of the analog signal that
will be processed in the next stage will totally be different from the analog signal
formed in the preeceding pipeline stage from the residue. The op-amp will be used in a
feedback loop, thus it has to be stable in a wide frequency range. at least satisfiying the
Nyquist rate condition, in order to avoid any ringing or oscillation in application. What
is more almost rail-to-rail output swing is also neccessary for an op-amp to be used as a
residue amplifier, because out of this amplifier will be processed as the input analog
signal, which represents the held analog input applied to the pipeline stage’s input. If
direct concatination of produced digital bits used to form the valid output of the A/D

converter.

Consequently, we have to design an op-amp satisfiying all the specifications

dictated above for an application at 200MHz sampling rate.
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Figure 5.10 High open loop-gain OTA based op-amp schematic [26].

W () L(gan)
Mi 10 0.5
M2 10 0.5
M3 0.36 0.18
M4 0.36 0.18
M5 3.6 0.18
M6 3.6 0.18
M7 2 0.18
M8 2 0.18
M9 7.2 | 0.18
MI0 8 0.18
F R, 75 kQ
G 50 fF

Table 5.2 Aspect ratio table for high open loop-gain OTA.
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The designed op-amp satisfies all the specification for a residue amplifier. But in

unity gain configuration needed for sample-and-hold circuit, op-amp given in Figure
5.10 has stability problems because of the poor phase margin. In addition to poor
stability, the unity gain configuration suffers from a limited output voltage swing due to
the fact that the first stage OTA can only provide an output voltage that is limited by the
amount of one threshold voltage from both rails. Thus, we decided to lower the open
loop-gain to establish stability and use the op-amp in a configuration with a negative
feedback gain of two, in order to overcome output swing limitation. We did not give up
with using this high open loop-gain configuration because we also need a residue
amplifier to achieve analog pipelining between two pipeline stages. This residue
amplifier must be used in a configuration of feedback gain of 16 without error
correction or 8 with error correction (refer to Chapter 6) for a 4-bit A/D pipeline stage.
Stability problem of this topology is eliminated by using it in a feedback loop with high
voltage gain that is a must in a residue amplifier. Simulation results are given for both

DC and AC characteristics in Figure 5.11 to Figure 5.14.
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Figure 5.11 DC characteristics of high open loop gain OTA based op-amp.
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Figure 5.12 Open loop AC characteristics of high open loop gain OTA based op-amp.
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Figure 5.13 Closed loop AC characteristics of high open loop gain OTA based op-amp.
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Figure 5.14 Transient characteristics of high open loop gain OTA used ina X16

feedback gain for residue amplifier for a 200MHz 100mV,, input pulse.

Input ofset 1.163 mV
Output ofset 94.67 mV
I 50 pA
Open loop gain 50.19496 dB
fiso 1.0025GHz
fi 2.92098 GHz
Closed loop f34. 2.53 GHz
Slew rate 2.7523 Vins

Table 5.3-a Simulation results of the most important specifications.
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Pole frequency Simulated Manually calculated
Pi 50.7355 MHz 53.88729 MHz
P 492.689 MHz ~ 795.52 MHz
P3 551.1578 MH= 3.6377 GHz
o 764.5468 MHz 6.59124 GHz
Ps 13.213 GHz
Zero frequency Simulated Manually calculated
71 490.7125 MHz 2.8456 GHz
73 771.8586 MHz 25.526 GHz

Table 5.3-b Comparison of simulated and manually calculated pole/zero frequencies.

There still exists a severe problem for high open loop gain OTA based op-amp. As
shown in Figure 5.14 transient response of the amplifier can not reach the rails of the
input analog signal. Thus, there will exist systematic conversion errors, which can be
corrected by using a very simple, digital error correction algoritm, named as bif
overlapping instead of cascading the 4-bit outputs of successive pipeline stages.
However, this technique requires higher resolution in the comparator chain of the
internal successive pipeline stages. In other words analog input voltage swing range for
the internal successive stages have to be halved (refer to Chapter 6). Thus, a feedback
gain of “8” is required instead of “16”. We now have to design an op-amp to be used in
negative feedback loop with gain “87.

We have to reduce the feedback gain from “16™ to “8”, thus we have to design a
more stable op-amp than the previous one. Otherwise we could face stability problems
in feedback configuration. On the other hand we also need high open loop gain in order
to over come any gain error that can arise from low loop gain of the feedback
configuration. Thus, we increased the compensation capacitance value from 50 fF to
100 fF, which will in return lower the slew rate of the op-amp. In order to over come
some of this side effect we decreased the value of feedback resistor from 75 kQ to 50
k() that will also reduce the parasitic capacitance of the resistor. All other elements of
the architecture stayed the same as the high open loop gain op-amp (Table 5.4).

Simulation results of X8 op-amp are given in Figure 5.15 to Figure 5.18.
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N W () L(mn)
M1 10 1 0.5
M2 10 0.5
M3 0.36 0.18
M4 0.36 0.18
M5 3.6 0.18
M6 3.6 - 0,18
M7 2 0.18
M8 2 0.18
M9 7.2 0.18
M10 18 0.18

Ry 50 k2
G 100 fF

Table 5.4 Aspect ratio table for X8 OTA based op-amp configuration.
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Figure 5.15 DC characteristics of X8 OTA based op-amp.
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Figure 5.16 Open loop AC characteristics of X8 OTA based op-amp.
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Figure 5.17 Closed loop AC characteristics of X8 OTA based op-amp
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Figure 5.18 Transient response of X8 OTA based op-amp to a 200MHz 100mV,, input

pulse.

Input ofset 1.20 mV
Output ofset 144,82 mV
Ip 50 pA

Open loop gain 48.2797 dB

fis0 1.0484 GHz

1o 2.1626 GH=z
Closed loop faas 665.154 MHz

Slew rate 1.1209 Vins

Table 5.5-a Simulation results of the most important specifications.
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Pole frequency Simulated [ Manually calculated |
P 38.21138 MHz 52.28104 MHz
pa 38.21138 MHz 795.52 MHz
ps N 492.266 MHz 2.0274 GHz
P | 555.83 MHz 11.4516 GHz
ps 764.603 MHz 13.213 GHz

Zero frequency Simulated  Manually calculated
Z) 42.374 MHz ' 1.68194 GHz
Za 490.69 MHz 26426 GHz
Z3 ~ 771.861 MHz

Table 5.5-b Comparison of simulated and manually calculated pole/zero frequencies,

The only drawback of this op-amp is output offset but still in tolerable limits.
Thus, we will keep this architecture for the residue amplifier to be used in each pipeline

stage with bit overlapping in the digital pipeline.

5.5 OTA based Low-Gain Op-Amp Design

After finishing the design of residue amplifier we now have to design a stable
operational amplifier for the sample-and-hold circuit. This op-amp has to be stable in
unity gain feedback configuration, which is named as the worst possible configuration
for the stability. For this purpose we have to reduce the open loop gain by reducing the
input transistors aspect ratio and also the B factor of the pMOS current mirrors, which
will also reduce the parasitic capacitances in return, consequently higher the pole
frequencies that could cause instability. We need a real sample-and-hold circuit for our
purpose (not a track-and-hold amplifier), because we have to process the analog input
during half of the sampling clock period. Thus, we will use two stable op-amps
cascaded, operated with a non-overlapping clock consequently, which will realise the
hold operation. We designed the OTA based op-amp given in Figure 5.19 the element

aspect ratios are given in Table 5.6.
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Figure 5.19 Schematic view of low open loop-gain OTA.

W (um) L(pm:
M1 2 0.5
M2 2 5
M3 0.36 0.18
M4 0.36 0.1%
M5 0.72 0.18
M6 0.72 0.1%
M7 0.26 0.24
M8 0.26 0.24
M9 14.4 0.18
MI0 36 0.1¢

Ry 75 kQ '

Table 5.6 Aspect ratio table for low open loop-gain OTA.
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After deciding to reduce open loop gain we lowered the pMOS current mirror gain
from 10 to 3. In order to satisfy the input offset specification we also lowered the
transconductance (g,,) of the input stage and aspect ratio of the nMOS current mirror.

We end up with a transistor width of 0.28 um for nMOS current mirror, which is not

feasible. 50 that we kept the aspect ratio as it was and scaled nMOS current mirror to
minimum possible W value. In order to lower the input offset we had to decrease pMOS
current gain once more from 3 to 2, which in return lower the open loop gain. higher the
phase margin and the output offset. But still very suitable for times two feedback gain
configuration to used in sample-and-hold circuit. We inserted this design is a X2
negative feedback configuration having an absolute resistor ratio of two. There we faced
gain error because of the low open loop gain of op-amp and also low valued feedback
resistors, which steal current from, output stage that results in lower output voltage
swing. In order to solve this problem we have to first increase resistor values, resulting
in a lower phase margin which will create stability problems, Secondly we have to find
a ratio of feedback resistors that will clearly give X2 feedback gain. We used 2k(2/5kQ2
feedback resistors to obtain accurate gain. We also have to do compensation to
guarantee stability. After several trials 50{F of compensation capacitance is found out to
be the most proper capacitor value. As always this positive improvement has a negative
effect on slew rate of the op-amp, which can only be solved by increasing output stage’s

aspect ratio and thus also increasing the output offset.

Although we used feedback we could not reach input range swing because of two
obvious problems.
» Clipping of output voltage swing because of the topological behaviour,
» Having soft corners in DC voltage sweep characteristics, which means having
lower gain while the input signal becoming near to both supply ranges.
Clipping of output voltage, is solved by further increasing feedback resistor values
while keeping the ratio of these two resistors constant, and also increasing the aspect
ratio of the output stage’s aspect ratios. But soft corners in the DC characteristics still
remain after all these steps have been taken. Soft corners in DC characteristics could
only be resolved by increasing the feedback resistor’s value from 50 kQ to 75kQ2. We

saw that this solution is not enough to reach the supply rails in feedback configuration.
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Simulation results of low open-loop gain OTA based op-amp are given in Figure 5.20 to

Figure 5.23.
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Input ofset 3.80 mV
Output ofset 90.18 mV
In ' 50 pA
Open loop gain 33.4996 dB
f1s0 1.79369 GHz
fo 2.4259 GHz
Closed loop {345 2.58 GHz
Slew rate 2.8246 V/ns .

Table 5.7-a Simulation results of the most important specifications.

Pole frequency Simulated Manually calculated
P 106.307 MHz 108.778387 MH=z
P2 679.404 MHz 2.0274027 GHz
P3 2.762945 GHz
Pa 5.451627 GHz
Ps 11.4516 GHz
Zero frequency Simulated Manually calculated
Z| 679.394]1 MHz 1.681914 GHz
Z 10.903254 GHz

Table 5.7-b Comparison of simulated and manually calculated pole/zero frequencies

In order to achieve real sample-and-hold operation we now have to design an op-

amp, which is stable in negative feedback configuration.
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5.6 OTA Based Op-amp Designed for Unity Gain Configuration

W (pam) Lon)
M1 2 0.5
M2 2 0.5
M3 0.36 0.18
I~ M4 0.36 0.18
M35 0.72 0.18
M6 0.72 0.18
M7 0.26 0.24
M8 0.26 0.24
M9 732 0.18
Mio 18 0.18
R, 75 kQ
Cy 50 fF

Table 5.8 Element aspect ratio’s of unity gain stable OTA based op-amp.

When we simulated low open loop gain configuration as a sample-and-hold
configuration we faced a severe problem, because we used resistors in negative
feedback, in hold mode of the circuit all charged stored on the hold capacitor during the
tracking phase discharged through the feedback resistors to load capacitor immediately.
Thus, the output voltage discharges to AC ground in hold mode. There exist three
possible solutions to this problem:

# Using the op-amp designed for a feedback gain of 2 in a non-inverting

configuration instead of inverting configuration,

» Using a simple source follower at the input of the amplifier,

» Designing a unity gain configuration op-amp to be used as an analog buffer.
We decided to use the third solution because we already have a low open loop

gain design which is stable in unity gain configuration. The only problem of this

solution is the limited output swing of the topology to be used, approximately 1V,
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which is already solved by using this configuration in a X2 feedback gain configuration.
We only lowered the aspect ratios of both the nMOS and pMOS of the inverter used as
the output stage of the op-amp by two, because this op-amp will only have to drive the
input stage of the op-amp with low open loop gain, and secondly added a Miller
compensation capacitance for a cleaner transient response than the low open loop-gain

op-amp. Results are shown in Fig. 5.24 to Fig. 5.26.
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Input ofset 03.99 mvV
Output ofset 94.67 mV
Ig 50 pA
Open loop gain .. 33.4855dB
Fiso 2.2597 GHz
fo 1.4015 GHz i
Closed loop L3an 1.43 GHz
Slew rate 781.63 V/nus

Table 5.9-a Simulation results of the most important specifications,

Pole frequency Simulated Manually calculated
P 37.19636 MHz 37.1877 MHz
P2 679.4 MHz 2.762944 GHz
P3 3.6377 GHz
P4 4.451627 GHz
Ps 6.59124 GHz
Zero frequency Simulated Manually calculated
Z| 679.4 MHz 2.8456 GH=z
Zy 10.9032 GHz

Table 5.9-b Comparison of simulated and manually calculated pole/zero frequencies.

Thus the sample-and-hold circuit and also the residue amplifier to be used in the
design is now ready and given in Figure 5.28 and Figure 5.29. Simulation results of this
sample-and—hold circuit is given in Figure 5.30 to Figure 5.35. Also simulation results

of designed residue amplifier given in Figure 5.29, are given from Figure 5.36 to Figure
5.37.
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Figure 5.30 Sampled voltage versus sampling pedestal, where input signal frequency is
50 kHz and sampling clock frequency is 200MHz.
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Figure 5.31 Sampled voltage versus held voltage, where input signal frequency is
50 kHz and sampling clock frequency is 200MHz.
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Given simulation results for sample-and-hold amplifier clearly states that the
designed sample-and-hold amplifier (Fig. 5.28) is not precise enough for a 12bit A/D
conversion application because of its sampling pedestal. Thus, an external high-speed.
highly precise S&H amplifier has to be used for the characterization of the circuit.

On the other hand simulation results related to residue amplifier circuit are as
expected. Thus, configuration given in Figure 5.29 will be used as a X8 feedback
amplifier in each analog pipeline stage.

Note that simulated poles/zeros of all op-amps are examined up uo 1 GHz

frequency range. Thus, it is normal that the simulated and the manually calculated

poles/zeros are not totaly coincide with each other.
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6. DESIGN OF ADC/DAC PIPELINE 5TAGES

Following a detailed study of the specific building blocks (components) in the
previous chapters, the design and verification of a complete 4-bit ADC/DAC pipeline
stage will be studied in this chapter. The complete schematic view of the 4-bit pipeline
stage is shown in Fig. 6.2. It can be seen that the analog components of the proposed
pipeline stage architecture consist of a 4-bit flash A/D converter, a 4-bit charge-scaling
D/A converter (MDAC) and a residue amplifier, while the digital components include
the 4-bit output encoder, the pipeline register banks, and part of the error correction
circuitry (binary adder array). Also a simplified schematic view of a 4-stage pipelined
Analog-to-Digital converter is given in Figure 6.1. All sub-blocks of the pipeline A/D
converter architecture are included in this simplified view. The digital pipeline with
error correction algorithm is given detail in Figure 6.1, where DFF and FA stand for a
rising edge data flip-flop and 1-bit full adder circuits respectively. Note that the digital
building blocks will be examined in detail in Chapter 7. The operation of the encoder
sub-block will be explained in detail in this chapter.
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Figure 6.2 Full schematic view of a 4-bit pipeline stage.
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6.1 Design of the 4-bit Flash A/D Converter

A resistive voltage divider is used between two reference levels, to generate
fifteen voltage references needed for a four bits flash A/D converter. We used two
external pins for positive and negative reference voltages, which will provide flexibility
on choosing the analog input voltage swing range. Thus, sixteen (2”“} resistors were
used in order to create fifteen voltage references between the input voltage signal rails
(Figure 6.2). We used 500 Q resistors realized as polyn resistors for all components of
the resistor array. We chose polyn resistors because of their relatively high parasitic
capacitance to ground, which will work as a filter to any fluctuations on the reference
vnl.fages due to clock feedthrough during the sampling (conversion) points. We will also
use salicide layer in order to increase the sheet resistance of the polyn layer in the
layout. Creating the layout of these resistors plays a very critical role, because their
matching is more important than their absolute value. Thus, dummy resistors were used
in the layout in order to prevent any edging effect that can cause mismatch, and also
each of the eighteen resistors were drawn in an S-shaped form to save area.

After organizing the reference voltage chain, which is the heart of a flash A/D
converter, by a resistive voltage divider we manufactured the comparator chain
consisting of fifteen comparators for a four-bit conversion. Improved complementary-
input comparators are used as the building block of the pipelined stage. We used
thermometer code conversion in our A/D converter, which is the most suitable
conversion algorithm in our case due to the available complementary outputs of the
comparators, Thus, combining the resistor array, the comparator chain and the
thermometer-to-binary encoder completes our 4-bit flash ADC. The simulated DC, time
domain transient and frequency domain (AC) characteristics of the 4-bit ADC are
presented in the following figures. The DC characteristics (INL and DNL plots) indicate
that the comparator chain described above has an effective resolution of at least 10 bits.
The operation is highly linear, and the 4-bit ADC is capable of producing a correct

output with no missing codes for a very wide input range (between 0.1 V and 1.7 V).
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Figure 6.5 Typical corner INL plot for 4bit A/D converter.
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Figure 6.6 Typical FFT plot obtained for a 4-bit A/D converter when the input signal

frequency is 10 MHz and the sampling clock frequency is 300 MHz.

To evaluate the dynamic performance of the ADC chain with transistor-level

simulation, a sampled sinusoidal signal was applied to the input, and the resulting
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thermometer code was converted back into the analog domain for comparison. Note that
the sampling of the input signal as well as the digital-to-analog conversion were done
using ideal circuit elements, so that the observed differences between the input and the
output waveforms can only be attributed to the non-idealities of the 4-bit ADC circuit.

The signal-to-noise ratio (SNR) is calculated from Fourier transformation. The
SNR is calculated by measuring the difference between the signal peak and the noise
floor. Note that for discrete Fourier transformations, where only a finite number of
samples are taken (K samples), the signal energy increases by a factor of K* while the
noise energy increases by a factor of K. Therefore the SNR has to be calculated as the
difference of the signal peak and the noise floor minus a correction term of 10log(K)
Eq. 6.1. [25]

SNR(dB) = signal peak(dB)— noise floor(dB)—10.log(K) (6.1)

The simulated input and output waveforms, as well as the calculated FFT plot are
shown in Figure 6.6 for a signal frequency of 10 MHz and sampling frequency of 300
MHz. Note that the signal peak is at zero “0” dB, the noise floor at —53.405 dB, and
number of data samples (K) is 601 in Figure 6.6. Thus the SNR is equal to 25.616 dB,
where the theoretical upper limit of the SNR value for a 4-bit A/D converter is 25.84
dB. Figure 6.7 shows the SNR in function of the sampling clock frequency in the case
that the input signal frequency is constant at 10 MHz. It can be seen that the signal-to-
noise ratio is relatively low for sampling frequencies that are close to the Nyquist limit,
and that the SNR approaches the theoretical limit of 25.84 dB as the sampling frequency
increases. Figure 6.8 shows the high frequency dynamic performance of the designed 4-
bit A/D converter, again with an input signal frequency of 10 MHz. As expected, the
SNR decreases gradually for sampling frequency values above 500 MHz, and drops by
—3dB at about 1 GHz. Thus, the dynamic operation of the designed 4-bit ADC is
verified to remain within acceptable limits, even for sampling frequencies of up to 1
GHz. Figure 6.9 shows the overall variation of the SNR with the sampling clock
frequency, i.e., combining the information provided in Fig. 6.7 and Fig. 6.8. Finally,
Figure 6.10 shows the SNR as a function of the input signal frequency in the case of
sampling clock frequency held constant at 200 MHz. It can be seen that the SNR
gradually drops from its near-ideal level of 25.2 dB at 10 MHz to about 22.7 dB at 80
MHz, as the signal frequency approaches the Nyquist limit of 100 MHz.
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In order to achieve analog pipelining we still have to build-up a digital-to-analog
converter, DAC. We need a high-resolution, high-speed, monotonic DAC in our work.

We searched for different D/A converter topologies in the literature to find the most

suitable one for our usage. A brief comparison will be given in the following section.
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Figure 6.7 SNR of the 4-bit ADC as a function of sampling frequency, with input signal
frequency of 10 MHz and the sampling clock frequency is varied from 50 MHz to 300
MHz.
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Figure 6.10 SNR of the 4-bit ADC as a function of input signal frequency, with

sampling clock frequency of 200 MHz and the input signal frequency is varied from

10 MHz to 80 MHz.

6.2 Digital-to-Analog Converter Design

In general, an A/D conversion process will convert a sampled-and-held analog

signal to a digital word that represents the sampled analog signal. The D/A conversion

process is essentially the reciprocal of the A/D conversion process. Digital words are

applied to the input of the D/A to create from a reference voltage an analog output

signal that represents the digital word.

The ideal static behavior of a D/A converter is shown in Figure 6.11. The digital

word is on the horizontal axis, which consists of all possible combinations of that word.

Figure 6.11 is for a 3-bit digital word. The vertical scale is the analog output of the ideal

DJ/A converter. For each digital word, there should be a unique analog output signal.

Any deviations from Figure 6.11 fall into the category of static-conversion errors. These

errors can affect the following characteristics: integral linearity, differential linearity,

absolute linearity, resolution, zero and full-scale error, and monotonicity. All these
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Figure 6.11 ldeal input-output characteristics for a three-bit D/A converter [3].

specifications define the accuracy of the converter, its static and dynamic performances.
For detailed information on these specifications, please refer to chapter 2 because all

specifications defined above are also the same for an A/D converter.
6.2.1 Current weighting D/A converter using ladder networks

There exist different systems using ladder networks to obtain accurate current
weighting in the literature. These ladder networks are simple to implement in the
integrated circuits. Furthermore, the very well matched value and thermal tracking of
components on the same die improve the overall performance of the system. R-2R
ladder network, resistor weighting current network, equal currents output ladder
network, two-step current division network, binary weighted current divider and MOS
ladder network are several examples for current weighting D/A converters.

Because of weighting used, the largest transistor has a size, which is 2™ times the
size of the transistor in the least significant bit. Such a ratio in transistor sizes requires a
large die size. Moreover, the output capacitance of the MSB current source is large due
to the parallel connection of 2™ transistors. Such a large capacitance has a draw back
on the latency of switching this current on and off to the output terminal. As a result it is

difficult to operate all switches at the same speed, which will result in an output glitch.

145



Using more elements in parallel to generate the high current values, which
simultaneously increase power consumption of the converter, increases the weighting

accuracy [6].

6.2.2 Self-calibrating D/A converters

The system consists of a main D/A converter and a sub-D/A converter used to
eliminate the errors in the main D/A converter. During calibration cycle an analog ramp
is generated using a ramp generator. The output of the main /A converter is compared
with the ramp signal by a comparator. The correction logic generates a digital correction
signal that is stored in a RAM unit. The RAM data control the sub-D/A converter to
correct the ouiput signal of the total D/A converter function to obtain the full 2 L5B
integral nonlinearity. Main disadvantages of this topology are the required number of
bits to be stored to correct the main D/A output and the fact that during calibration the

D/A converter cannot be used for conversion [6].

6.2.3 Voltage and charge-scaling /A converters

A very important component of a D/A converter is the accurate scaling of the
reference voltage Vgpe. The analog output is equal to this scaled value, which is
determined by the digital word. Scaling is usually accomplished by the use of passive
components, e.g., resistors or capacitors. Resistors are used to accomplish voltage
scaling whereas capacitors are used to accomplish charge scaling.

Voltage scaling uses series resistors connected between the positive reference
voltage, +Vger and negative voltage reference, -Vggyp, to obtain voltages between these
limits. For an N-bit converter, the resistor string would have at least o segments. An
op-amp can be used to buffer the resistor string from loading effect of the switches used
to control the output voltage level. Each tap is connected to a switching tree whose
switches are controlled by the bits of the digital word. If the ith bit is “17, then the
switches controlled by b; are closed. If the ith bit is 07, then the switches controlled by
b; are opened (Figure 6.12).

It is seen that the voltage scaling D/A structure is very regular and thus well suited
for MOS technology. An advantage of this architecture is that it guarantees

monotonicity, for the voltage at each tap cannot be less than the tap below. The area
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required for the voltage-scaling [D/A converter is large if the number of bits is eight or
more. Also, the conversion speed of the converter will be sensitive to parasitic
capacitances at each of its internal nodes.

Charge-scaling ID/A converters operate by binarily dividing the total charge
applied to a capacitor array, or by just equally weighting the total charge applied to a
capacitor array. It has been proved that the total number of capacitors in both structures
will be 2™ (N is the number of bits of the converter). A two-phase nonoverlapping clock
is used for this kind of converters. During the ¢; the top and the bottom plates of all
capacitors in the array are grounded. Next, during ¢, the capacitors associated with bits
that are 1™ are connected to +Vggr and those with bits that are “0™ are connected to
-Vreg. The output of the D/A converter is valid during ¢: (Figure 6.13).

The accuracy of the capacitor and the area required are both factors that limit the
number of bits used. The accuracy is seen to depend upon the capacitor ratios in the
binary weighting charge-scaling DAC and to capacitor mismatch in equally weighting

charge-scaling DAC. The ratio error for capacitor in MOS technology can be as low as
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Figure 6.12 Implementation of a 3-bit voltage scaling D/A converter [6].

147



(0.1%. If capacitor ratios were able to have this accuracy. then a /A converter that 1s
capable of 10-bit resolution could be realizable. However, this implies that the ratio
between the MSB and LSB capacitors will be 1024:1 in the exireme case, which is
undesirable from an area view point for a binary weighting charge-scaling D/A
converter. Also, the 0.1% capacitor ratio accuracy is applicable only for ratios in the
neighborhood of unity. As the ratio increases, the capacitor ratio accuracy decreases.
But, for an equally weighting charge-scaling D/A converter, the total area can be
expressed as 2"'Cyni, which will result in a more desirable chip area. Moreover, response
time of an equally weighting charge-scaling DAC is better than the binary weighting
one due to the large capacitance appeared on MSB (Cunii2™ ") because of the binary
weighting structure. The working principle of an equally weighting DAC (MDAC)
given in Figure 6.13 with only a single clock (¢) and its inverse (¢2)— two phased

working principle — instead of two non-overlapping clocks can be expressed as follows:

Qﬁntkame.' = Ec}m’m {V.- o E")I”CLK

Qﬁminﬂ'ﬂwr = E {:.{J‘M'Ta (V, = Vm:."g }lﬂ[ﬁLH “‘}2}
where V, =F, + AV,

L}

ER +* ¥
c ¢ ¢ B .
sy P i, .

St v upu-ilw-
EARA

Figure 6.13 N-bit charge-scaling DA converter schematic [6].
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From the charge conservation principle these two charges stored on the MDAC_OUT

node (Figure 6.11) should be equal to each other, Oy, .yupe = Prvatiarion - DETIVINE AV,

(residue voltage) from this equality results in

AWt I Shpr e (6.3)

FT o Nl =T RITV arr

The residue voltage formed at the output of MDAC is equal to the difference of the
produced analog voltage in DAC and the mput analog voltage to the pipeline stage. The
value of this voltage is not dependent on the absolute unit capacitor value but on the
ratio of the decoder capacitances. The influence of the caﬁ.ﬁcitm rati.ﬁr”a-:curacy on

number of bits of a charge-scaling D/A converter can be shown as follows:

The ideal output voltage of the charge-scaling D/A converter 1s,

FI'_?LT o {: aniverl ey -
A ref = A Comrr o

Now assume that the worst-case output voltage is given as,

Vﬂ% . C equivataer (IIN) 6.5)
Vg~ [NCopr = C {max)+C (min)

eprirva e < egpriva o er

Then the difference between the ideal output and the worst-case output can be written

as,

C
e ve L & i it -
ﬂ"l-r:ﬂ?ﬂ'i" ll:'4:.:;|-n|r'u.:1'L|:Lt'.l' {ml I'I]

INCUNH' . Cuqlr.lr'u‘:rluf'.r _k]‘ﬂﬂ.'{} T { e boer {r“ l]'!.]

(6.6)

VG‘i.’T s V{J{ﬂ'
p-’n:lr_ VI'-E'_,I"

If we assume the worst-case condition occurs at the midscale, then the Eguivaen becomes

N/2Cunit. Therefore the difference can be expressed as,
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Replacing Cipgr (max) by CuprrH0.5AC and Cipgr{min) by Cipar-0.5AC and setting the

difference between the ideal and worst-case output voltage equal to +-0.5LSB results in

the following equation

|a7,
{'-!,-'."FJ'T

Consequently, as a result of this topology survey we decided to use an equal

= Vo (6.8)

weight “Multiplying Digital-to-Analog Converter” (MDAC) in our pipeline stage. We
preferred this topology because it is the most suitable one for our case regarding speed,
power consumption, area, and linearity. We preferred using unit capacitors to be used
for charge-scaling at the output of each fifteen comparators because we will use directly
the thermometer code and its complement created at the falling edge of ¢;,. Moreover,
the subtraction process needed between the held input analog voltage and the
reconstructed analog voltage by the DAC to achieve analog pipelining between two
consequent pipeline stages can be done without any extra design steps. This voltage
difference is named the residue voliage of the pipeline stage. This subtraction process 1s
achieved by the help of two extra CMOS switches that simply connect the top plates of
all capacitors in the array to analog input voltage instead of ground and bottom plates to
a fixed reference voltage in ¢; as given in Figure 6.14 [3].

The most challenging step in the design of an MDAC is to find the appropnate
sizes of the complementary MOS switches that will result in low clock feedthrough, low
series resistance, and high output driving capability. The later two specifications require
wide MOS switches, while the first one requires narrow widths. Thus, simulations were
done on the sizing of CMOS switches to identify the acceptable minimum width needed
for the switch transistors. Consequently, aspect ratio of S5pm/0.18pum is used for all

switches in the design.
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Figure 6.14 Schematic view of a 4bit MDAC.

Another important point in a charge-scaling D/A  converter ¢

identification of the value of the minimum acceptable unit capacitor. A un
50 fF is used in the design that provides needed speed and linearity speci
unit capacitor can only be implemented as metal-metal capacitors due to |
limitations. Thus, layouting this capacitance array is a great deal to be
mentioned before matching of these fifieen capacitors is more critical thar
value. Hence. we could say that matched capacitors form the basis
conversion products such as analog-to-digital and digital-to-analog conv
classify matching in three groups listed as follows:
% Minimal matching: Approximately + 1% three-sigma mismatc!
of resolution.
» Moderate matching: Approximately + 0.1% three-sigma misma
bits of resolution.
% Precise matching: Approximately +0.01% three-sigma mismsa/

bits of resolution. Suitable for precision A/D and D/A converter
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Precisely matched capacitors usually employ a thick oxide dielectric in

conjunction with deposited electrodes. Junction capacitors have difficulty maintaining

even minimal matching due to their extreme temperature dependence and the effects of

out-diffusion. The following hints summarize the most important principles of

constructing matched deposited-electrode capacitors.

>

Y

Y

Use identical geometries for matched capacitors. Capacitors of different sizes
or shapes match poorly; so matched capacitors should always use identical
geometries. Unit capacitors should not be connected in series because
differences between the parasitic capacitances of the upper and the lower
plates will produce systematic mismatch.

Use square geometries for precisely matched capacitors. Peripheral variations
are a major source of random mismatch in capacitors. The smaller the
periphery-to-area ratio, the higher the obtainable degree of matching. The
square has the lowest periphery-to-area ratio of any rectangular geometry and
therefore yields the best matching. Rectangular capacitors with moderate
aspect ratios (2:lor 3:1) can be used to construct moderately matched
capacitors, but precisely matched capacitors should always be square. In

reality, the value of an integrated capacitor is not equal to the product of the

specific capacitance (E”‘{% ) of the designed area of the plate. The etching

that defines the plate proceeds under the protective mask (undercut effect) and

reduces the designed area:
Ay =W —2x\L-2x)~WL-2(W + L)x = A— Px (6.9)

where A is the designed area and P is the perimeter. Thus, the effective area is
smaller than the designed area by an amount proportional to the perimeter of
the plate. Thus, in order to also match the reduction effect due to undercut, it

is necessary to keep the area-perimeter ratio as small as possible.

Make matched capacitors as large as practical. Increasing the size of
capacitors reduces random mismatch as well as dividing large capacitors into
practical sized parts, which will introduce cross coupling that will minimize

gradient effects and improve overall matching.
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Place matched capacitors adjacent to one another. If large number of
capacitors is involved, they should be arranged to forma rectangular array
having as small an aspect ratio as possible. Adjacent rows of unit capacitors
should have equal spacing between them, as should adjacent columns of unit
capacitors.

Place matched capacitors over field oxide. Matched capacitors should always
reside over field oxide well away from the edges of moat regions and
diffusions.

Connect the upper electrode of a matched capacitor to the higher-impedance
node, because this generally exhibits less parasitic capacitance than the lower
electrode. If substrate noise coupling is a concern, consider placing a well
under the entire array.

Place dummy capacitors around the outer edge of the array. Both electrodes of
each dummy capacitor must be connected to prevent static charges from
accumulating on the dummy electrodes and interfering the operation of
adjacent devices.

Electrostatically shield the capacitor array. Electrostatic shielding provides
several benefits. First, it contains fringing fields to the capacitor array, thereby
eliminating the need for wide arrays of dummy capacitors. Second, it allows
leads to route over the capacitors without causing mismatch or noise injection.
Third, it prevents electrostatic fields from adjacent circuitry from interfering
with the matched capacitors. Fourth, it reduces the effects packaging stress on
the underlying capacitors. All precisely matched capacitors should be
electrostatically shielded, and this shielding should extend over the dummies
placed around matched capacitor array.

Cross-coupled array capacitors preferred. Cross coupling minimizes the
effects of oxide gradients on capacitor matching and provides protection
against stress and thermal gradients.

Consider the number of the leads connected to the matched capacitor.

Do not run leads over matched capacitors unless they are electrostatically
shielded.

Use thick-oxide dielectrics in preference to thin-oxide or composite

dielectrics.
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» If possible, place capacitors in areas of low stress gradients. The stress
distribution reaches a broad minimum in the middle of the die.
» Place matched capacitors well away from power devices.

# Place precisely matched capacitors on axes of symmetry of the die [16].

Concerning all the explained properties of the capacitor array that will be used in
the multiplying D/A converter and all the hints given above to help the designer to be
able to layout matched capacitor arrays we decided to draw the sixteen unit capacitors
as square shapes in a common-centroid form, and also in order to be able to reduce the
occupied area by each unit capacitor we draw each unit capacitance in fractals. Hence,
every fringe capacitor value will also be added to the total capacitance value. What is
more, we will place this capacitor array in an N-well in order to be able to shield the
array from the substrate noise. We also draw each unit capacitor as a sandwich made up
of consequent metal layers (up to metal 5) connected in series (Figure 6.15). Thus, in
order to construct 50 {F of unit capacitors we will consume less area than the area of a

single sheet capacitor. Reduction in the area will further increase matching between

array elements.
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Figure 6.15 Simplified cross-section representation of metal-metal capacitors

constructed in N-well. Note that N-well is not shown in figure for simplicity.

The ADC/MDAC structure that was described here takes the held analog input

voltage, compares it with the reference voltages created by a resistor divider through the
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comparators and reconstructs the digitally represented analog signal via the MDAC into
analog format again. Then, we subtract that reconstructed analog signal from the held
input voltage. Now the residue voltage is ready at the output of the D/A converter. If not
any unpredictable conversion error arises, by definition this residue voltage must not be
bigger than |-100mV| in our 4-bit A/D converter. In order to achieve pipelining now we
have to amplify this residue voltage to full scale by the help of a residue amplifier. Note
that, the full scale for the pipeline stages following the first stage should be half the
input swing range of the first stage in the A/D converter. This is needed because we will
use bit-overlapping technique in the digital pipeline in order to be able to correct any
conversion error that can arise in the preceding stage. Thus, an op-amp with a closed
loop gain of X8 is needed as the residue amplifier. The high open loop-gain OTA based
op-amp will be used in negative feedback configuration (Figure 5.29). The residue
voltage formed on the unit capacitors of the MDAC will be rapidly sinked to ground
through the feedback resistors and the output stage of the op-amp, which is the same
problem faced with the sample-and-hold amplifier. Thus. the same solution will be
applied here. A unity gain OTA based op-amp designed (refer to chapter 5) will be
placed in between the DAC output and the series feedback resistor. Consequently only a
MOS transistor’s gate will be seen by the DAC output thus, no charge will be lost
(Figure 5.29). The amplified residue voltage at the output of the residue amplifier will
be used as the held input voltage by the proceeding pipeline stage. In order to hold this
amplified residue voltage constant during the sensing phase of the comparators of the
proceeding stage a sample-and-hold circuit must be introduced. What i1s more, as
explained before, the algorithm used in a MDAC being charge-scaling, any voltage
changes on the top plate of the unit capacitor will be reflected directly to the D/A
converter’s output. In order to prevent this phenomenon and to be able to hold the
amplified residue constant during the conversion phase of the proceeding stage, we
buffered the comparator outputs of the flash A/D converter via the sampling clock.
Thus, the comparators will keep their previous state up to the next decision time. In
other words sensing the phase of the comparators will be invisible to MDAC capacitors.
Thus, the residue voltage will be constant for a half period of sampling clock, and the
same is true for the amplified residue voltage. Simulated residue and amplified residue
voltages are given respectively in Figure 6.16 and Figure 6.17 for typical corner silicon
Spice parameters. Also, the variation of these two voltages with respect to the analog

signal applied at the input of the pipeline stage is provided in Figures 6.18 and 6.19. It
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can be seen that the amplified residue signal has the expected saw-tooth shape that
corresponds to the difference between the analog input level and the quantized output
levels. The transitions are perfectly linear, the amplitude of the signal is 800 mV (with a
maximum error of £ 4.7 mV) and the amplified residue signal remains with in (+ 10
mV) of the ideal upper and lower boundaries, i.e. 0.5 V and 1.3 V, respectively. With
these properties, it can be verified that each pipeline stage is capable of producing the
output bits with the desired accuracy.

In Figures 6.20 and Figure 6.21, the time-dependent variation of the residue
voltage and the amplified residue voltage are given for a sampling clock frequency of
50 MHz, respectively. Note that the residue voltage and the amplified residue voltage
have more time to settle until the next falling edge of the -:'Iﬁ-;:k'ﬁigna'l arrives, and
consequently, the accuracy of the pipeline stage response is expected to increase at
lower sampling frequencies. The exact variation of the residue voltage as a function of
the input voltage level was not produced at 50MHz, since the results obtained for 200
MHz sampling frequency are already quite adequate for the desired bit-precision.
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Figure 6.16 Residue voltages obtained for different input voltage levels applied to the
input of the 4-bit pipeline stage. The sampling clock frequency is 200 MHz.
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Figure 6.17 Time-dependent variation of the amplified residue voltage, with a sampling

clock frequency of 200 MHz.
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Figure 6.18 Residue voltage obtained versus input voltage for typical simulation corner

at 200 MHz sampling rate,
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AMPLIFIED RESIDUE VOLTAGE for 4-BIT PIPELINED STAGE with X8 RESIDUE AMPLIFIER
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Figure 6.19 Variation of the amplified residue voltage given in Figure 6.19 as a function

of the input voltage level, with X8 amplification factor.
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Figure 6.20 Residue voltages obtained for different input voltage levels applied to the

input of the 4-bit pipeline stage. The sampling clock frequency is 50 MHz.
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Figure 6.21 Time-dependent variation of the amplified residue voltage, with a sampling

clock frequency of 50 MHz.

6.3 Error Correction with Bit-Overlapping

As mentioned before we decided to use “bit-overlapping™ technique to achieve
error correction. We choose this architecture because of its simplicity. In order to be
able to use this technique we have to design more precise comparators to be used in the
pipeline stages that follow the first one. We used “single bit-overlapping” technique
thus; we had to decrease the input signal swing to one half of its original in the
proceeding pipeline stages. This phenomena is established by amplifying the residue
voltage produced in the preceding stage by “8”, which will result in a halved input
signal swing of 800 mVy, where the original input voltage swing is 1.6 Vy,. Thus, the
amplified residue voltage will be 800 mV, with a DC offset of 0.9V. Up to this point
no error correction is done. Coding errors will arise if the previous stage’s residue signal
is greater than 1LSB. Causes of this kind of errors were examined in Chapter 2. Error
correction is introduced in digital pipeline by designing a clever encoder (Figure 6.22)

that can distinguish the possible over / under flow states from the decoded 4bits of the
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related pipeline stage (pipeline stages 2, 3 and 4). The encoding technique used in these
stages is explained in detail in Table 6.1. For example, if the amplified residue of the
first stage is greater than 1.3 volts an over flow state occurs. The following analog
pipeline stage will produce the thermometer code representing this analog input voltage,
and an over-flow flag (A = 1) will be produced by the 12" comparator’s “Q” output as
the 4™ MSB bit of the related pipeline stage in the clever encoder circuit. This raised
over-flow flag will be added to the preceding pipeline stage’s output and the rest of the
digital word produced (3bits), will be concatenated to the resulting digital code (Figure
6.23). If the amplified residue of the first stage is less than 0.5 volts an under flow state
is occurred. The following analog pipeline stage will produce the thermometer code
representing this analog input voltage, and an under flow flag (B = 1) will be produced
by the 4™ comparator’s “0™ output as the 4™ MSB bit of the related pipeline stage in
the clever encoder circuit. This raised under-flow flag will be subtracted from the
preceding pipeline stage’s output and the rest of the digital word produced (3bits). will
be concatenated to the resulting digital code (Figure 6.23). And if the amplified residue
of the stage is in between the 0.5V-1.3V range than “0” will be added to the following

stage’s 4-bit output and produced 3-bits will be concatenated to the resulting digital
code (Figure 6.23).
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Figure 6.22 Simplified schematic view of a 4-bit encoder block used in stage 1.
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Decimal Binary code pmduce:i in | Binary code produced
representation of the STAGE 1 Encoder in STAGES 2, 3 and 4
thermometer code Encoders

15 1111 11

14 1110 0in

B 13 1101 ) 001

12 1100 a 000

11 1011 111

10 1010 110

9 1001 101

8 1000 100

7 0111 011

6 0110 010

5 0101 001

4 0100 000

3 0011 111

. 0010 110

I 0001 101

0 0000 | 100

Table 6.1 Encoding strategy of the related pipeline stage.

Note that over / under flow flags are not given in Table 6.1. They simply

correspond to the 4™ and the 12" comparator outputs. Also note that 3-bit codes are

highlighted for pipeline stages 2. 3 and 4 in over / under flow states.

Design and verification of a full 4bit analog pipeline stage is completed by
combining all the building blocks together. In order to achieve 4-stage pipelining we
now have to design the digital pipeline’s building blocks, such as data flip-tlops, full
adders, OR and XOR gates and buffers. Design and verification of these digital blocks

will be examined in detail in Chapter 7.

162




7. DESIGN OF DIGITAL BUILDING BLOCKS

Following the design of the analog pipeline components, we now turmn our
attention to the digital building blocks that are needed to establish full pipeline
operation. More specifically, we will have to design the 11-bit adder to construct the
output word, the 4-bit thermometer-to-binary encoder that is constructed by XOR gates,
buffers, and finally data flip-flops to establish pipelining at the rising edge of the
sampling clock. Design and verification of these digital pipeline stage elements will be

examined in this chapter.

7.1 Full Adder Design

Addition forms the basis for many important binary operations from counting to
multiplication to filtering. As a result, adder circuits that add two binary numbers are of
great interest to digital system designs. A wide variety of adder implementations are
available to serve different speed/density requirements. Considering the Boolean
description of the binary adder circuit, let A and B the two binary input variables
(addend bits). and let C the represent the carry in bit. The binary full adder is a three-

input, two-output combinational circuit that satisfies the truth table given in Table 7.1.



A B C sum_out carry_out
0 0 p 0 0 0
0 0 1 1 0
0 1 0 [ 0
0 1 [ 0 1
[ 0 0 1 0
[ 0 [ 0 1
1 1 0 0 1
1 1 1 1 1

Table 7.1 Truth table for the full adder circuit.

A and B are the adder inputs, C is the carry input, sum_out is the sum output, and

carry_out is the carry output.

7.1.1 Single-bit adders

Probably the simplest approach to design an adder is to implement gates to yield
the required majority logic functions. The sum_out and the carry_out signals can be

found as the following two combinational Boolean functions of the three input

variables, A, B and C. From the truth table these are:

sum_out=ADBEDBC
= ABC + ABC + ABC + ACB

(7.1)
carry _out = AB+ AC + BC
which may be factored as follows:
sum _oul = E{AE +E)+ E(AE + EB)
(7.2)

carry _out = AB + C[A + B}
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Figure 7.1 Gate-level schematic of the one-bit full-adder circuit [10].

The direct gate level realization of these two functions of Eq. 7.2 is shown in
Figure 7.1. Note that instead of realizing the two functions independently, we use the
carry_out signal to generate the sum output with an implementation that does not use
XOR gates is shown in Figure 7.2. This uses an alternative implementation that is
achieved by realising that the carry_out term reused in the sum_out term as a common

subexpression. In this implementation, shown in Figure 7.2, sum_out can be expressed

d5

sum_out = ABC + (A + B+£‘}mrr:v_nur

(7.3)
= ABC +(A+ B+ CYAB +C(A + B))

Note that the circuit implementation shown in Fig. 7.2 also makes use of the fact that

both functions are symmetric Boolean functions, resulting in identical nMOS and

pMOS network topologies.
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Figure 7.2 Completely symmetric 1-bit full adder cell [10].

The designed full adder circuit is now simulated in order to determine its dynamic
performance. Assuming that the outputs of this adder circuit may drive a similar circuit,
both output nodes are loaded with capacitors, which represent the typical nput
capacitance of a full adder. The three input waveforms (A, B and C) are chosen so that
all of the eigth possible input combinations are applied consequtively to the full adder
circuit. Figure 7.3 shows the simulated input and output waveforms of the full adder
circuit.
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Figure 7.3 Simulated input and output waveforms of the 1-bit full adder circuit.
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7.1.2 Bit-parallel adder

EC:, '.-2'1

i A :
: Full Adder | 1 Full Addes 2 Full Adder Eull Adder
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o

=
Pl

Figure 7.4 Block diagram of a carry ripple adder chain consisting of n 1-bit full adders.

An n-bit adder may be constructed by cascading n 1-bit adders, as shown in Figure
7.4. This implementation is called a Ripple Carry adder. The inputs are n-bit A and B
values. The carry out signal of stage 7 is fed to the C signal of satge 7 + 1 and the
sum_out signal forms the n-bit output. The nth bit of the sum out indicates the sign of
the result, while the nth carry out signal indicates whether an overflow condition has
occurred. Because the carrv-output signal (caryy out) is used in the generation of
sum_out in the circuit shown in Figure 7.4. sum_ out will be delayved with respect to
carry_out. In the case of n-bit parallel adder, the carry delay has to be minimized,
because the delay associated with the adder is T, = nTc, where T, is the total add time, n
is the number of stages, and T is the delay of one carry stage.

We designed a 10-bit ripple carry adder chain described as in Figure 7.4, and
simulated the dynamic performance of the chain at 200 MHz. Related simulation results
of 10-bit full adder chain are given in Table 7.2 and Table 7.3. Rise and fall time
characteristics of carry _out; signal are given with the propagation delay of both
rising/falling edge of the same signal due to the in coming carry signal in Table 7.2.
Also rise and fall time characteristics of sum_out; signal are given with the propogation
delay of both rising/falling edge of the same signal due to the incoming carry signal in

Table 7.3. All results given in these tables are in ps units.
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carry_out; | Rise Time | Fall Time Rising edge PD | Falling edge PD |

(ps) (ps) (ps) (ps)

1 152 117.69 178 175

2 152.93 117.53 372 361

3 152.93 117.52 566 547

4 152.93 117.52 763 733
8 152.93 117.51 957 920
6 152.93 117.52 1150 1110
7 152.93 117.51 1350 1290
8 152.93 117.51 1540 1480
9 152.91 117.51 1740 1660
10 152.91 117.52 1880 1810

Table 7.2 Simulated carry_out dynamic performance results.

sum_out; | Rise Time Fall Time Rising edge PD | Falling edge PD
(ps) (ps) (ps) (ps)
= 109.57 217.63 343.68 419.07
2 109.58 217.68 530.18 613.76
3 109.57 217.68 716.63 808.45
4 109.58 217.69 903.09 1003
5 109.57 217.69 1089 1197
6 109.57 217.7 1275 1392
7 109.57 217.71 1462 1587
8 109.57 217.71 1648 1787
9 109.57 217.72 1835 1976
10 109.1 217.41 2023 2173

Table 7.3 Simulated sum_out dynamic performance results.
Note that, sum_out is delayed with respect to carry out signal and what is more

carry_out delay increases with increasing the number of bits to be added. Hence, these

simulated results states that the dynamic performance of the designed 10-bit ripple carry
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adder is suitable for applications at 200 MHz signal frequency. Layout of 1-bit full

adder circuit is given in Figure 7.5. The silicon area is approximately 107 um”.

i

T

. &

R e—————

“-.EE.‘

N -:=r~‘1 L T b S o

it
¥l
_r

.............................................................................
.............................................................................

Figure 7.5 Layout view of the designed 1-bit full adder circuit.

7.2 D-type Flip-Flop (DFF) Design

DATA, -

Figure 7.6 CMOS implementation of the D-latch circuit [10].
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Figure 7.6 shows the CMOS implementation of D-latch. The circuit contains two
tristate inverters, driven by the clock and its inverse. The first tristate inverter acts as the
input switch, accepting the input signal when the clock is low. At this time, the second
tristate inverter is at its high-impedance state, and the ouput Q is following the input
signal. When the clock goes high, the input buffer becomes inactive, and the second

tristate inverter completes the two-inverter loop, which preserves its state until the next

clock pulse.

ﬂ[ VDD —4L

DATA Ql bk O

Q1,

Figure 7.7 CMOS rising edge-triggered master-slave D flip-flop (DFF) [10].
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Now, consider the two-stage master-slave flip-flop shown in Figure 7.7, which is
constructed by simply cascading two D-latch circuits given in Figure 7.6. The first stage
(master) is driven by the inverse of the clock signal, while the second (slave) is driven
by the clock signal its self. Thus, the master stage is negative level-sensitive, while the
slave stage is positive level-sensitive.

When the clock signal is low, the master stage flows the DATA input while the
slave stage holds the previous state. When the clock changes from logic “07 to “17, the
master latch ceases to sample the input and stores the DATA value at the time of the
clock transition. At the same time, the slave laich becomes transparent, passing the
stored master value Q; to the output of the slave stage. (). The input cannot affect the
output because the master stage is disconnected from the DATA input. When the clock
changes again from “17 to “0”, the slave latch locks in the master latch output and the
masier stage starts sampling the input again. Thus, this circuit is a positive edge-
triggered D flip-flop by virtue of the fact that it samples the input at the rising edge of
the clock pulse. Finally we added reset signal to the DFF circuit given in Figure 7.7 by
simply adding two extra nMOS transistors to the master stage outputs in such a way that
Q1 output will be “0” when RESET signal is HIGH. Figure 7.8 shows the simulated
input and output waveforms of the two-stage master-slave D flip-flop designed with

reset.
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Figure 7.8 Simulated input and output waveforms of the CMOS DFF circuit ©iven in
Figure 7.7.
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The dynamic performance of the designed two-stage master-slave DFF with reset
is characterised in three different conditions. Set-up and hold times, most critical
attributes of D-type flip-flops, are simulated at 200 mHZ clock frequency while the
delay between clock and its inverse is 50 ps, 100 ps and 150 ps. The outputs of this DFF
circuﬁ are loaded with the same circuit itself. Typical corner simulation results obtained

are given in Table 7.4 in ps time unit. Layout view of designed DFF is given is Figure

7.9.
Inversion delay | Set-up Rising e&ée Fualling edge
(ps) (ps) Propagation Delay (ps) | Propagation Delay (ps)
50 182.5 172.62 ps 141.89 ps
100 239 177.58 ps 92.179 ps
150 294.5 180.28 ps 42.8 ps

Table 7.4 Simulated dynamic characteristics of two-stage master-slave DFF circuit.

s

Figure 7.9 Layout view of the designed D-type flip-flop. Area is aproximately 132 pm®.
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7.3 Exclusive OR Gate Design

The truth table of exclusive OR (XOR) function is given in Table 7.5. The
Boolean expression obtained from this truth table is given in Eq. 7.5 and gate level, full

CMOS implementation of Eq. 7.5 is given in Figure 7.10 and Figure 7.11 respectively.

Note that two extra inverters are needed in Figure 7.11.

A B 7
0 0 0
| . 0 |
a3 0 1 1
1 1 0
- |

Table 7.5 Truth table of exclusive OR function.

Z=A®B
el e (7.5)
=AB+ AB

B o o

Figure 7.10 Gate level representation of XOR function [8].
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Figure 7.11 Full CMOS implementation of XOR function [8].

Finally, the designed XOR circuit is simulated in order to verify its dynamic
performance while loaded with 5 fF capacitance, which is equivalent to the input
capacitance of minimum sized buffer. Typical simulation corner results are given is
Table 7.6 and layout view of XOR circuit is available in Figure 7.12. Simulated input

and output waveforms at 200 MHz signal frequency are given in Figure 7.13.

Rising edge Propagation Delay 51.67 ps
Falling edge Propagation Delay 46.64 ps
Rise Time 137.88 ps
Fall Time 81.48 ps

Table 7.6 Simulated dynamic performance characteristics of XOR circuit.
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Figure 7.12 Layout view of the designed XOR gate. Area is aproximately 45 pm”,

Simulated results of the designed 4-bit encoder circuit using XOR gates and
buffers (Figure 7.14) are as follows:
# Propagation delay : 443.41 ps
» Rise time : 72.37 ps
» Fall Time 68.94 ps

Mote that, these simulation results are for typical simulation corner.
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Figure 7.13 Simulated input and output waveforms of the designed XOR circuit.
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Figure 7.14 Simplified schematic view of a 4-bit encoder block.

Note that, other digital blocks designed for this dissertation, such as OR2 gate,
buffers and inverters are not explained in detail because of the simplicity of the

structures. Design criteria for these cells were speed and almost symmetrical rise and

fall times.
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8. TOP-LEVEL CONSTRUCTION OF THE PIPELINED ADC

The previous chapters have presented the design of all sub-blocks that are used in
the pipelined ADC structure, as well as the complete design of the 4-bit analog pipeline
stage and the digital pipeline stage elements. The operation and the performance
characteristics of these essential components were also verified with extensive
simulations. It was demonstrated that the elecirical performance of the sub-blocks are
well within the expected bounds so that the operation of the overall ADC architecture
can be guaranteed to match the initial specifications. At this point, the final task is to
combine the designed components into the final 12-bit pipelined ADC structure, using

four cascaded pipeline stages.

8.1. Overall Structure of the Pipeline

A simplified view of the overall ADC architecture is shown in Fig. 8.1, where
each analog pipeline component and the corresponding digital outputs are highlighted
for better description. It can be seen that the structure consist of four 4-bit flash ADCs,
three 4-bit multiplying DACs (MDACSs) including their respective residue amplifiers,
four thermometer-to-binary code encoders, three adder chains to construct the corrected

output word at the end of each conversion step, and the DFFs to facilitate the pipeline.
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Figure 8.3 Block level representation of the proposed clock distribution between

functional modules of the pipelined ADC architecture,

According to the pipelined operation principle of this four-stage structure, each
four-bit stage is capable of processing subsequent portions of four different sampled
input signals at any given clock cycle. The processed results are passed on to the
following pipeline stage in the next clock cycle, so that the final stage produces a
complete 12-bit result (13 bits with overflow) at the end of each clock period. The
latency of this pipeline structure is four clock cycles; i.e. the complete conversion of any
sampled signal is obtained at the end of the fourth clock period following the sampling
edge. Assuming that the clock frequency is set to 200 MHz (as proven to be [casible by
previous simulation results) the proposed pipelined architecture i1s thus capable of

generating a 12-bit analog-to-digital conversion every 5 ns.
8.2. Timing Considerations

The simplified clocking scheme of the pipeline architecture is shown in Fig. 8.2,
Track and hold phases of the clock are indicated as “T™ and “"H™ respecticlv. The
tracked input analog signal is sampled with the falling edge of the clock and the
corresponding 4-bit thermometric code is ready at the output of the 1™ pipe! re’s

output with a small time delay. In other words, the output of 1* stage’s flo is
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ready at the falling edge of first clock cycle. The encoding process starts right afier the
thermometric code is generated, during the following half period in the related encoder
circuit. Meanwhile, the second stage’s input analog signal is constructed by the
multiplying DAC. With the rising edge of the CLK, decoded 17 stage’s 4-bit code
(MSB) by the 1* stage encoder is sampled via the DFFs and held constant until the next
rising edge of the sampling clock. Subsequently, the tracking phase of 2" pipeline stage
is entered. Thus, the second stage’s flash ADC receives the reconstructed analog signal
at the output of the 1¥stage’s MDAC during the next half period. At the end of this half
period (with the falling edge of the clock) the thermometric code representing the
reconstructed analog input signal via the 1 stage MDAC is formed at the output of the
second stage’s flash ADC. Right after the production of the thermometric code by
second stage flash A/D converter, the thermometric to binary code encoding starts. At
the same time the analog-to-digital conversion process takes place at the second stage
MDAC. Meanwhile. a new analog input signal is being processed in the 1% stage, which
is the basis of pipeline operation. The 2" stage DFFs sample the summation of encoded
1* stage encoder output and the over/under flow bit of the 2" stage with the rising edge
of the third clock cycle. Similarly, the third stage flash A/D converter receives the
reconstructed analog signal by the second stage MDAC and 15-bit thermometric code
representing this analog signal is ready at the falling edge of 3" clock cycle. This 15-bit
thermometric code is encoded into a 4-bit binary code in the 3™ stage encoder and also
processed in the 3™ stage MDAC. Summation of the encoded 4-bit binary code and the
2" stage’s DFF outputs are sampled via the 3 stage DFFs, held constant until the next
comming rising edge of the clock. Consequently, 4™ (last) pipeline stage’s flash A/D
converter operates on the finaly reconstructed analog signal. With the falling edge of the
4™ ¢clock eycle the thermometric code is formed at the output of the 4™ stage’s flash
ADC. Similarly the 4-bit binary code (LSB) is encoded in the 4™ stage encoder during
the proceeding half period. Note that no digital-to-analog conversion process takes place
in the last stage. Thus, with the rising edge of the fifth clock pulse the valid 12-bit
digital word that represents the held analog input signal four clock cycles before is
formed at the outpout of pipelined A/D converter. Thus the latency of the designed
analog-to-digital converter is four clock cycles (20 ns).

Note that the entire analog and digital pipeline structure is designed to operate
with only one clock signal (aﬁd its inverse), which is a very significant advantage of the

proposed ADC architecture. As opposed to relying on several clock signals hat need to
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be generated and distributed with high precision, the sufficiency of a single clock is one
of the key factors that make this architecture a very good candidate for modular
expansion and simple technology migration. Still, it is highly important to distribute this
single clock signal throughout the chip without any clock skew so that the
corresponding pipeline stages can operate correctly. Thus, the overall floor planning,

layout and clock/signal distribution throughout the system will be important issues that
need to be addressed.

8.3. General Floor-planning and Layout Considerations

The totally symmetric appearance of the pipeline ADC makes it easy to repeat the
modular building blocks. Hence, as soon as the layout of one pipeline stage is
completed, four stage pipeline A/D converter can be constructed very easly and quickly,
just by repeating the modules one after another and connecting them in a suitable way.

As already mentioned before, the designed 4-stage 12-bit pipelined A/D converter
operates with only one clock and it’s inverse. It is essential to distribute this single clock
without any skew throughout the pipeline stages in order to be able to process all the
stages accordingly. Thus, we will use clock-tree buffers that are placed symmetrically
throughout the chip to distribute the system clock to all stages without any skew. We
decided to use five clock-tree buffers placed as follows: The system clock is being fed
from outside of the chip with a high drive capable clock-tree buffer (CTBUFFX32,
numbered as CT1 in Figure 8.3) exactly at the middle of the four pipeline stages, as
shown in Figure 8.3. We had to use metal wires as wide as possible in order to reduce
the side effects of narrow metal strips such as, high series resistance that can cause
voltage drops or fringe capacitors that cause cross-coupling. Thus we decided to route
the clock lines throughout the chip using 5 pm wide metal-5 tracks. We chose metal-5
level because of its relatively low parasitic capacitance to substrate that results in
considerably low coupling. The disadvantage of this decision is the series resistance of
the needed stack “vias” in order to electrically connect the transistors to the clock signal
routed on metal-5 tracks. Thus, we used “n=n" via sets all over the chip, where the
minimum number of *n™ is at least two, which will in return reduce the series resistance,
as well as increase the quality of the electrically connectivity. The output of this high

drive capable clock-tree buffer (CT1) drives eight clock-tree buffers such as
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CTBUFFX16, which have less drive capability than CT1. Each of these second level
clock-tree buffers, placed totally symmetrical with respect to the center of the chip
drives one of the analog or digital pipeline stages, as shown in Figure 8.3. What is more
we short circuit the outputs of these second level clock-tree buffers in the hierarchy, in
order to be safe from any possible clock skew that could arise because of any

unpredictable signal delay. We use local inverter circuits for the inverse of the clock

signal, “|(CLK I”. throughout the chip. We chose this technique because the inverter
gnal, I

delays play the dominant role on the efficiency of the sub-blocks rather than the skew.
What is more we use a lattice shaped routing for ground (GND), clock (CLK) and
supply (VDD) signals on metal levels 4, 5, and 6 respectively as shown in Figure 8.4
throughout the ch.ip.lw-:z use 5 um wide metal tracks for all three ]ével metals and
construct a network from this lattice shape as given in Figure 8.5. Thus we use metal-2
or metal-3 (if needed) for lower hierarchy routing between pipeline stages. Note that
metal-1 level is used for routing within the sub-block layouts. It is also important to note
that we have to reconstruct this latticework over multiplying D/A converter areas
because we used all the metal levels in order to construct the unit capacitors and their
shielding. Thus, special care must be taken over these areas in the top-level floor
planning.

Up to now we finished the design of each sub-block layout, taking special care to
make them modular. Also we described the signal routing strategy in detail in the
preceding paragraphs. Thus we have to take one more step and design the overall floor
plan of the 12-bit A/D converter. An approximate view of the designed floor plan is
given in Figure 8.6. As indicated in Figure 8.6 analog and digital pipeline stages are
separated from each other in order to prevent analog signal processing from any noise
caused by digital signal processing on substrate. That can degrade the overall efficiency
of the analog block, hence, the resolution of the overall analog-to-digital converter. In

between the analog and digital pipeline stages we placed the clock and
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Figure 8.6 Top-level floor plan of the designed 12-bit pipelined A/D converter.

signal routing channels (Figure 8.6). We also separated the analog and digital signal
pins as a result of the placement of the pipeline stage’s sub-blocks. Figure 8.6 also
shows that both the analog and digital pipeline stage blocks are placed in a sequential
manner from left to right in order to minimize the routing metal line lengths, thus the
capacitive load due to the parasitics on these tracks. Thus, we placed the flash A/D
converter, the resistor and comparator chains, at the far left hand side of the sub-block
in a vertical line-up. Note that the y-dimension of the flash A/D converter is determined
by the y-dimension of the fifteen voltage comparators. Outputs of these comparators

drive both the encoder and multiplying DAC inputs. But the output of the MDAC is
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processed in the following analog pipeline stage., so that we placed the encoder sub-
block next to right hand side of the A/D converter and then the multiplying D/A
converter in a horizontal manner. We only repeat this block in order to construct the
four pipeline stages. As in the same manner we placed the digital pipeline stages as the
analog part. We constructed the digital pipeline stages in the same vertical axis with the
related analog pipeline stage (Figure 8.6). Note that size of the digital pipeline stages
decreases with the increasing stage number just because of the decreasing digital
pipeline depth (four in the first stage and one in the last stage). We designed the digital
pipeline stages by vertically repeating two horizontally designed “rows” that are formed
by D-type flip-flops (DFFs) and full adder circuits (FAs) one after another (Figure 8.1).
Consequently the analog sig,nal's'ﬂ:.:rw from lefi to right, while the digital signals fow
from top to bottom throughout the chip. Finally we used both the left and right side pins
of the package for clock and power signals, which will work in a harmony with the
lattice shaped distribution network we designed for these signals.

The overall silicon area that is occupied by these analog and digital pipeline stages

is estimated to be about 0.25 mm?, excluding the YO pad-ring.



9 . CONCLUSIONS

This thesis has presented the design, verification, system integration and the
physical realization of a monolithic high-speed analog-digital converter (ADC) with 12-
bit accuracy. The architecture of the ADC has been realized as a pipelined structure
consisting of four pipeline stages, each of which is capable of processing the incoming
analog signal with 4-bit accuracy. A bit-overlapping technique has been employed for
digital error correction between the pipeline stages so that the influence of possible
errors that occur during analog signal processing can be minimized. The entire circuit
architecture is built with a modular approach, consisting of identical blocks organized
into an easily expandable pipeline chain.

To realize the proposed circuit architecture, four basic building blocks were
required: (i) high-speed voltage comparators, (ii) very high bandwidth op-amps with
low offset, (iii) high-speed multiplying DAC (capacitive MDAC), and (i1v) the digital
correction circuitry including a 11-bit ripple carry adder. Initially, these key components
were designed to meet the desired specifications, and then. the overall physical design
of the ADC has been constructed by following a simple modular approach.

The voltage comparator is one of the main components that dictate the resolution
of the overall A/D converter as well as the conversion speed of the converter. Several
different topologies were studied; all of which were derived from the same basic
structure. The full complementary circuit architecture was chosen as the final design,
aided with a simple inverter based output stage to further improve the response times.

The worst-case input voltage offset of the improved complementary comparator was
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found to be less than 10 mV, allowing conversion with 7-bit accuracy at a dynamic
input range of 1.6 V. The worst-case INL and DNL errors remain within + 0.1 LSB
for this 4-bit application due to the fact that the maximum input offset does not exceed
10 mV. Typical response times obtained for this voltage comparator are less than 450
ps, allowing operation speeds of up to | GHz. The circuit occupies a silicon area of
about 320 pm* and consumes 800 pW at 200 MHz sampling frequency.

Using the designed voltage comparator as the main building block, a 4-bit flash
A/D converter was built which is capable of operating at sampling clock frequencies up
to 800 MHz with a signal-to-noise ratio ol greater than 22.84 dB. It was verified that the
designed 4-bit flash A/ converter is capable of processing input signal frequencies up
to 80 MHz with 200 MHz sampling clock rate. Typic.al. INL and DNL errors are less
than 0.015 LSB and 0.025 LSB respectively.

Two possible implementations have been studied for the residue amplifier, which
is one of the most important sub-blocks of a pipelined A/D converter. The single ended
OTA-based circuit architecture was preferred in both of the designed versions, using a
1.8 V single power supply. The open-loop unity-gain frequency of the designed high
gain op-amp is 2.16 GHz, while its open-loop gain is approximately 48.5 dB.
Consequently its closed-loop 3dB frequency is 665 MHz, and input referred offset is 1.2
mV. The second implementation is a unity-gain stable (low gain) op-amp with an open-
loop gain of 33.4 dB and 1.4 GHz unity gain frequency. Its closed-loop (unity gain
configuration) 3dB frequency is 1.43 GHz. The input referred offset of the second op-
amp implementation is less than 4 mV. With these operational characteristics, both of
the designed op-amps are suitable for 12-bit data conversion at 200 MHz sampling
clock frequency.

D/A  converters play a very critical role in pipelined ADC architectures.
Resolution and conversion speed mostly depend on how fast and accurate the DAC can
generate its response. Based on the residue amplifier blocks described above, the typical
response time of the monotonic MDAC (multiplying DAC) that was designed for this
architecture is about 400 ps, allowing 200 MHz operation speed in the analog pipeline.

Finally, the performance of the digital pipeline depends critically on the response
time of the error correction circuit that includes the 11-bit adder chain. Totally
symmetric 1-bit full adder circuits were designed and used in a ripple-carry adder chain
to facilitate the required 11-bit addition. Typical response time of the eleventh carry-out

signal is about 1.8 ns, which is sufficient for operation at 200 MHz clock frequency.
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All analog as well as digital sub-blocks of the ADC architecture presented in this
work operate on a single clock signal (and its inverse), which significantly simplifies the
design while ensuring a more robust performance. Other important features of this ADC
include small area, single power supply, low power consumption, capability to operate
at very high sampling clock rates, and the ability to handle a wide range of input signal
amplitudes. The analog processing modules were designed using single-ended signals
and the single-ended building blocks (as opposed to differential signals and building
blocks) for simplicity. The ADC architecture was realized using a conventional (.18
micron digital CMOS technology (Foundry: UMC), which ensures a lower overall cost
and better portability for the design.

The ADC architecture presented in this work is capable of operating at sampling
frequencies of up to 200 MHz, and still can achieve the nominal bit-resolution that was
intended for 12-bit accuracy. The entire circuit is designed with single 1.8 V power
supply. The maximum range of the input signal amplitude that the ADC can handle is
1.6 Vpp, with 1.8 V supply voltage. The input signal range as well as the operating
points of critical components can be adjusted externally using dedicated control pins.
The overall power consumption is estimated as 67.5 mW at 200 MHz sampling rate.
Each 4-bit pipeline stage consists of a 4-bit flash A/D converter, a fully capacitive
multiplying DAC (MDAC) and the corresponding digital encoding circuitry. The
overall silicon area of the ADC is approximately 0.25 mm-.

To summarize, the ADC architecture presented in this thesis is intended as a state-
of-the-art data converter for very high-speed applications such as digital video
transmission or high bandwidth wireless communication needs. It can be used either as
a stand-alone single-chip unit, or as an embedded IP block that can be integrated with

other modules in various SOI (system-on-chip) applications.
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APPENDIX A

LITERATURE SURVEY ON ANALOG-TO-DIGITAL CONVERTERS
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APPENDIX B

COMPLETE CIRCUIT SCHEMATICS and MASK LAYOUTS



1. Complementary-Input Voltage Comparator

|-.-'-':'|

I

(S

GHD

Figure B.1 Voltage comparator circuit schematic.

DEVICE LABEL

ASPECT RATIO (pm / pm)

M1 / M2 170.18
M3 / M4 170.18
M5 / M6 >70.18
M7/ M8 570.18
MO / M10 3/0.18
M1/ MI2 370.18
M13/Mi4 270.18
M15/ M16 570.18

M17 10/0.18

Table B.1 Voltage comparator transistor dimensions.
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Figure B.2 Mask layout of the improved complementary-in voltahe comparator.

Silicon area is approximately 132 um®.
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2. OTA-Based Operational Amplifier

VDL

I S e

M5
|
Ry
L Y $——A—9 v
= 2 OuT
M‘IF| >—‘ ) Ce ¢
|
i Lo
2 V
- ‘L ME ‘ M9
1
/
GND
Figure B.3 OTA based op-amp circuit schematic.
DEVICE LABEL ASPECT RATIO (um / pm)
M1/ M2 10/0.5
M3 / M4 0.36/0.18
M5 / M6 3.6/0.18
M7/ M8 2/0.18
MO 7.2/0.18
MI10O 18/0.18
R 50 k&2
Cs 100 {F

Table B.2 Op-amp transitor dimensions.
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Figure B.4 Mask layvout of the

OTA based op-amp used as resid

Silicon area is approximately 2230 umz.




3. D-Type Flip Flop (DFF)

VDD oo
1 )
_pir‘m i —C!._ I 16
I:—L]‘:(:lﬂ M3 M E%r hp
Q Q1 —

DATA |

':":[{_“__ - - SLA [ me

B
EL M1 3 _Oi[ o {'—“C:“:I Mig

Lk | MI12 _i[ E_'LI{ I Mz
S pALS L
—' M1 = ——“__ MI7

Figure B.5 Schematic of two stage master-slave rising edge triggered D-type flip-floop.

MOS NAME ASPECT RATIO (um / pum)
M4 , M9, M10, M20 1.5/0.18
M6, M16 1/0.18
MI13 , M19 0.76 /0.18
M3, M7, M8, M14,, M15, M17 0.5/0.18
M1, M5 0.3/0.18
M2, M11, M12, M18 0.28/0.18

Table B.3 DFF transistor dimensions.
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Figure B.6 Layout view of the designed type flip-flop.

Silicon area is aproximately 132 p.mg.
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4. One-bit Full Adder

B iL'MB_M]tE-lb— B M13 A —q

M4 ,
CEIT::.T_D'LI.I YLD
1 VDI
[ Ms m_}}:; ML —dEﬂ!ﬂ Ma2 |fo— B
] C:i[ms
= | J'i.-1'l1l:| A S
L 5 1 *®
! r.n;] —— A
: = Mz
c —“_ B4 p.{j:”— £ —_.[I:-.-H".' M]H:I —— B |
I J .
] pia B —{[‘MM‘: —{waﬁ Hl’ﬂ L €

Figure B.7 Schematic view of the designed full adder circuit.

DEVICE LABEL ASPECT RATIO (um / um)
M6, M7, M10 0.76 / 0.18
M3, M4, M5, M11,M12, M20, M21, 0.5/0.18
M22, M23, M24
M8, M9 0.4/0.18
M1,i M2, M13, M14, M15, M186, 0.28/0.18
M17, M18, M19, M24, M25, M26
M27 /0.18
M28 /0.18

Table B.4 Full adder transistor dimensions.
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Figure B.8 Layout view of the designed 1-bit full adder circuit.

Silicon area is aproximately 107 pmz.
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5. XOR Gate

AL
Ao C“ M7 Mg |p— B
| |
A ~—Q45 MS M6 k)—~ B
. Z
I-—‘[ma M4 ]}—wﬂ‘
o '|
B . |[‘ M1 M2 J—-B
T P

Figure B.9 Schematic view of the designed exclusive-OR (XOR) gate.

MOS NAME

ASPECT RATIO (pum / pum)

M1, M2, M3, M4

0.35/0.18

M5, M6, M7, M8

1.05/0.18

Table B.5 XOR gate transistor dimensions.
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Figure B.10 Layout view of the designed exclusive-OR (XOR) gate.
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Figure B.11 Symplified schematic view of 4-bit thermometer-to-binary encoder.



Figure B.12 Layout view of 4-bit thermometer to binary encoder.

Silicon area is approximately 3126 uml.
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