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8-BIT 2 GSPS TIME-INTERLEAVED SAR ADC DESIGN FOR PORTABLE
MEASUREMENT DEVICES

SUMMARY

A successive approximation register analog to digital convertor (SAR ADC) is a type
of ADC that converts a continuous analog signal into a discrete digital representation
for all the quantization levels as possible. For this thesis the SAR ADC is consist of a
gain stage, a split capacitor array digital to analog convertor (DAC) block, and a SAR

block to supply the requirements for high bandwidth real-time oscilloscopes.

As soon as the bandwidth requirements extend beyond the sample rate capability of
the available ADC, it becomes necessary to find other techniques to utilize available
ADCs to meet those extended requirements or design a new generation ADC. Time
interleaving (T1) is acommon technique to extend the performance of existing designs.
The ADCs are used as parallel. Each ADC provides a sample rate at least half the total
sample rate required to meet the Nyquist requirement. The time interleaved SAR ADC
is separated in 10 sub-ADC blocks, each sub-ADC is consist of 10 SAR ADC and
clocked 36° out of phase. Data is stored in the memory behind each ADC, and once
the acquisition is completed, the complete 2GS /s representation of the signal could be
reconstructed by demuxing the data. The time interleave technique has been used by

all the major oscilloscope structures to get the performance up into the GHz range.

The real-time oscilloscope needs a fast and high bandwidth ADC. Based on this
purpose, an 8-bit 2GS /s time interleaved SAR ADC is designed as usable in high

bandwidth portable measurement devices especially real-time oscilloscopes.

In this thesis, a reliable and feasible 8-bit 2GS /s SAR ADC with 2GHz bandwidth is
presented using 180nm CMOS technology. A comparator consists of a latch and 5
amplifier with 3 of them are offset cancelled. The simulation results of the comparator
is available in the relevant section. A fully differential DAC is consist of a sample &

hold circuit and it is generated as split capacitor array DAC. The simulation results of

XiX



the DAC is available in the relevant section. The DAC is driven by the SAR logic. The
SAR block consist of a phase shifter with 9 D flip flops, a register array with 9 D flip
flops, and one more register array with 8 D flip flops. The simulation results of the

SAR logic is available in the relevant section.

The SAR ADC processes with the overdrive-recovered amplifiers, offset cancelled
comparator, and charge injection rejected split capacitor array DAC. Also the sample
and hold procedure is completed by DAC block. The designed TI-SAR ADC is
simulated and all the differential non-linearity (DNL), integral non-linearity (INL),
signal to noise ratio (SNR), spurious free dynamic range (SFDR), signal to noise and
distortion (SINAD), effective number of bits (ENOB) characterizations are

determined.
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TASINABILIR OLCU ALETLERI ICIN 8-BiT 2 GSPS AYRIK ZAMANLI
ARDISIL YAKLASIMLI ANALOG SAYISAL CEVIRICi TASARIMI

OZET

Di1s diinyada analog olan isaretleri kullanan sayisal cihazlar analog isaretlerle islem
yapamazlar. Analog verilerin elektronik cihazlar tarafindan algilanmasi i¢in bu
isaretlerin sayisal isarete doniistiiriilmesi gerekmektedir. Uzerinde islem yapilan
sayisal isaret de gerekli durumlarda tekrar analog isarete dontistiiriilmelidir. Yiiksek
performanslh elektronik cihazlarin kullaniminin artmasiyla yiiksek hizli ve yiiksek

dogruluklu veri doniistiiriiclilere olan ilgi de artmistir.

Sayisal analog veri doniistiiriicti (Digital to Analog Converter — DAC); bilgisayarlar
taraindan tiretilen sayisal isaretleri analog isarete doniistiirmektedir. Analog sayisal
veri donistiiriiciiler (Analog to Digital Convertor — ADC) analog sinyallerin
bilgisayarlar tarafindan islenebilmesi igin sayisal forma doniistiiriilmesini islemini

gergeklestirmektedir.

Belirli bir amag¢ dogrultusunda biiyiik sistemler tasarlanirken sistemin ¢alisma hizina
onem verilmelidir. Ornek olarak yiiksek hizli veri aktarmmi saglayan bir sistem
verilirse, sistemde bulunan alt bloklarin her birinin saglamasi gereken hiz kriteri en az
sistemin ¢alisma hizi kadar olmalidir. Siirekli artan ¢alisma hizina veri doniistiiriiciiler

de uyum saglamalidir.

Veri doniistiiriiciilerin hassasiyeti de hangi uygulamada kullanilabilecegine dair
belirleyici rol oynamaktadir. Bir analog sayisal doniistiiriiciniin hassasiyeti;
algilayabilecegi en kii¢iik degisimdir ve en az anlamli bit (Least Significant Bit — LSB)
olarak bilinmektedir. Veri doniistiirliciiniin algilayabilecegi en kiigiik degere ve

kullanim alanina gore bit sayist belirlenmelidir.

Tasarlanmak istenen biiyiik ve yiiksek hizli sistemlerin igerdikleri alt bloklarin say1si

arttik¢a, bu bloklarin gii¢ tiiketimleri de artmaktadir. Alt bloklarin tasarimi yapilirken
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tikettigi gilice onem verilerek tasarim yapilmali ve gii¢ tiikketimini azaltacak

yontemlere basvurulmalidir.

Veri doniistiiriiclilerde en ¢ok gii¢ tiiketimi karsilastirict (comparator) bloklari
tarafindan yapilmaktadir. Devre az gii¢ tiiketecek sekilde tasarlanmali ve olabildigince
az adet karsilastirict kullanilmalidir. Bunun i¢in de ADC g¢esitlerinden ardisik
yaklasimli analog sayisal doniistiirticiiler (Successive Approximation Register Analog
to Digital Convertor — SAR ADC) tasarlanmalidir.

ADC yapilarinin ¢alisma asamalarinda ¢ok yiiksek hiz degerlerine ulasilirken giic
tilketiminin de ¢ok arttig1 gorllmektedir. Fakat tuketilen gliciin minimum seviyelerde
olmasi gereken sistemlerde biiyiik frekans degerine ulasilmasi zorlasmaktadir. Hem
hizin ¢cok artmasini hem de gii¢ tiikketiminin az seviye kalmasini saglayan ayrik zamanh
analog sayisal veri doniistiiriicii (time interleaved analog to digital convertor — TI-SAR
ADC) tasarimlar1 mevcuttur. TI-ADC yapilarinin genel ¢aligma prensibi; girise gelen
analog sinyal belirli zaman gecikmesi ile paralel olarak c¢aligtirilan n adet ADC
tarafindan Orneklenmesi esasina dayanmaktadir. Bir kontrol devresi ile her bir
ADC’nin ¢evrimi farkli zaman dilimlerinde baslatilir, n adet ADC sonucu da ayni sira
ile ¢ikisa yonlendirilir ve sonuglar birlestirilerek giristeki analog isaretin sayisal
cevrimi elde edilmis olur. Sonuca tek bir ADC ile t kadar siirede ulasilacakken t/n

siirede ulasilmaktadir.

Gug tuketimi, ¢cozundrlik (hassasiyet), 6rnekleme frekansi (hiz) ve bantgenisligi
oOzelliklerine 6zen gosterilerek retilen TI-SAR ADC icin ¢ok ¢esitli kullanim alanlari
mevcuttur. Hizi GHz mertebesinde olan 6l¢iim cihazlari tasarimlarinda kullanilan
SAR ADC yapilar1 hizli ve yiiksek bantgenislikli olmalidir. Ozellikle tasmnabilir
osiloskop sistemleri az gug tiketmelidir.

Tasarlanan sistem portatif osiloskoplarda kullanilmak tizere hazirlanmistir. 180nm
CMOS teknolojisi kullanilanilarak 2GS /s hizina sahip TI-SAR ADC yapis1 tagiabilir
6l¢tiim cihazlarida kullanilmaya uygun tasarlanmistir. 100 adet 18.5MS/s hizinda 8-
bit SAR ADC zamanda paralel olarak c¢alistirilarak yap1 elde edilmektedir. SAR ADC
yapist bir karsilastirici, bir DAC ve bir SAR mantik blogu icermektedir.

Karsilagtirict blogunun dengesizligi devrenin dogru karsilastirma yapmasini ¢ok

etkilemektedir. Bunun i¢in c¢ikista dengesizligi ortadan kaldiracak sekilde
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kuvvetlendiriciler arasinda hata (offset) kapasitesi yontemi uygulanarak karsilastirict
blogu tasarlanmistir. Biiylik kapasiteler devrenin kapladigi alami ¢ok artirdigi igin
DAC blogunun tasariminda kapasiteleri kiigiiltecek bir yap1 kullanilmistir (split
capacitor array DAC). Yapida bulunan anahtarlarin (switch) olusabilecek
problemlerini 6nleme methodlarina bagvurulmustur. Ayni zamanda ornekleme
(sample&hold) islemi de DAC blogunun igerisinde yapilmaktadir. SAR blogu

karsilastiricidan aldig1 veriye gore karar verip sayisal sonucu liretmektedir.

SAR mantik devresi tarafindan siiriilen bir tamamen farksal kapasitif TI-SAR ADC
hesaplamalar1 yapilmistir. Yapilan hesaplamalara gore tasarim gerceklenmis ve
benzetim yoluyla karakterize edilmistir. Olusabilecek hatalar1 en aza indirmek igin
karsilastirict devresinde asir1 yiikklenmeyi engelleme (overdrive recovery) ve cikis
hatasinm1 engelleme (output offset cancellation) metotlar1 kullanilmistir. DAC
yapisinnda direng ve kapasite degerleri segerken 1s1l hata, zaman sabiti, bantgenisligi
hesaplamalari ele alinmistir ve anahtarlamada olusan sarj olusumu (charge injection)
ve sinyalin girisi etkilemesi (clock feedthrough) hatalarini engellemek igin de
anahtarlar icin analog girisi 6rnekleme anahtar (analog input sampling switch) yapisi

kullanilmastir.

TI-SAR ADC sisteminin dengesizlik (offset), farksal lineerlik (Differential
Nonlinearity — DNL), toplam lineerlik (Integral Nonlinearity — INL), parazitik
devingen aralik ( Spurious Free Dynamic Range — SFDR), isaret giiriiltii ve saptirma
orani (Signal to Noise And Distortion — SINAD), isaret giiriiltii oran1 ( Signal to Noise
Ratio — SNR) ve etkin bit sayis1 ( Effective Number Of Bits — ENOB) karakteristikleri

belirlenmistir.

Benzetim sonuclarinda sistem, Nyquist frekans bolgesinin tamaminda, siireg, proses,
kaynak gerilimi, sicaklik ve yongadan yongaya degisimler boyunca 7 ENOB degerini
asmaktadir ve etkin durumda 7.5 ENOB degerine ulagmaktadir. Sistemin ¢aligmasi
sirasinda ¢ekilen akimmn 10mA ve toplam tuketilen gi¢ 15mW oldugu bilgisine
hesaplamalardan ve analiz sonuclarindan ulagilmaktadir. Toplam devrenin kose

(corner) ve monte carlo benzetim sonuglar1 verilmektedir.

Ozellikleri, ¢alisma sekli ve sonuglari ayrintili olarak aktarilan TI-SAR ADC yapisi

taginabilir 6l¢lim cihazlarina uygun sekilde tasarlanmistir.
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1. INTRODUCTION

Applications of Analog to digital converters (ADC) include wide range from wired
and wireless communications, data acquisition systems to signal processing
applications and medical applications. According to the area of application, ADCs
specifications differ as an example, in LTE (Long Term Evaluation) wireless receivers
50Ms/s sampling speed and 8 bits of effective resolution are needed (Verbruggen,
Iriguchi, & Craninckx, 2012). On the other hand, for ultra-wideband (UWB) radio
short distance wireless communications it is required to have high speeds like
500MS /s but low resolutions about 4 or 5 bits (Ginsburg & Chandrakasan, 2007).

1.1 ADC Architectures

ADC:s are designed in much different kind of structures depending on the specification
of the requirements for those applications. Main ADC architectures are flash,

successive approximation register, pipeline and sigma-delta.

Resolution (bits)

26
24
22
18
16
14
12

10

Sampling
1K 10K 100K M 10M 100M 1G Rate (Hz)

Figure 1.1: Comparison to speed and resolution ADC architectures.

A comparison of architectures in terms of speed and resolution can be seen in

Figure 1.1. To come to power and size, the flash ADC has most power dissipation type
1



with its largest size. The pipeline ADC is the highest one with its high power
consumption and large size. The sigma-delta ADC consumes medium power
compared to others with its large size. Finally, the SAR ADC has lower power

dissipation and smaller size.

1.1.1 Flash ADC

Flash ADC is the fastest and the simplest design among all low resolution ADC
structures. For an n-bit flash ADC, an n-bit resistor stream and (2" — 1) comparator
are needed which denotes that the number of comparators and resistors increase
exponentially with linearly increasing the resolution. As it can be seen, the huge

number of comparators cause the high power dissipation and large chip area.

1.1.2 Pipeline ADC

The pipeline ADC has cascaded structure. Each cascaded stage includes a number of
bits of the digital output according to analog input voltage. The structure has high
speed with moderate precision converters. Main inconvenience of this architecture is
the designing complexity. The design can become very hard for the most modern
pipeline ADCs.

1.1.3 Sigma-Delta (£ — A) ADC

The sigma-delta ADC is basically based on the noise shaping. The fraction of noise
falls into the Nyquist band that is reduced by oversampling the input signal. Then the
noise falling out of the band of interest can be digitally filtered out. The structure is
generally used in low bandwidth with high precision applications. The main drawback

of the architecture is the slow settling.

1.1.4 SAR ADC

SAR ADC has the range of 8-16 bits resolution and several MS/s speed, which
categorize it between sigma-delta and pipeline ADC architectures. In addition, the
main advantage of SAR ADC is its lower power consumption in general. The more

detailed explanation is stated in the next chapters.



1.2 Purpose of Thesis

For handheld measurement devices like oscilloscope, sampling rate of 2GS/s is
necessary and for such a high speed ADC only a time interleaved structure is
applicable, because a single channel ADC is too power inefficient. Therefore, a time

interleaved ADC is chosen for this design.

Furthermore, the ADC resolution is selected to be 8-bits. Normally, three types of non-
idealities limit an ADC’s effective resolution. First, thermal noise, which is not a big
issue for an 8-bit resolution and the capacitor can be chosen large enough to make sure
that the thermal noise is more less than the LSB. Second one is non-linearity due to
mismatch within a sub-ADC or between different sub-ADCs which will be improved
with calibration and design techniques. Finally, performance degradations can be
caused by clock jitter (Shinagawa, Akazawa, & Wakimoto, 1990). Sampling jitter
causes a voltage noise that is proportional to the input frequency and amplitude, and
the maximum achievable signal-to-noise ratio (SNR) for a given random clock jitter

standard deviation At and input frequency f;, is
SNR 0 = —201l0g,o(21f;,A4t) (1.2)
And the effective number of bits (ENOB) versus SNR is calculated in equation 1.2.

SNR(dB) — 1.76
- 1.2
ENOB =03 (1.2)

By assuming f;,, = 1GHz, which is the Nyquist frequency for a 2GS /s ADC.

For the sub-ADC topology, a SAR architecture is chosen since it offers the best
combination of power and speed for converters with an effective resolution of
approximately 8 bits. For the capacitive DAC implementation, the segmented binary
weighted capacitor array DAC is chosen over simple binary weighted because of its

smaller capacitor values, which improve power consumption and die area as well.

Roughly, the time-interleaved SAR ADCs are required to achieve a total sampling rate
of 2GS /s. If the classical time-interleaving methodology is used, it would create a
severe bandwidth limitation on the input due to interconnect parasitic capacitances.

Also timing mismatch calibration will be difficult. Therefore a two-level time-



interleaving architecture is proposed (Greshishchev, et al., 2010), (Schvan, et al.,
2008), (Tabasy, Shafik, Lee, Hoyos, & Palermo, 2013). Instead of interleaving all 100
SAR ADC:s in one hierarchy, they will be divided into 10 sub-ADCs each running at
166.5MS/s. Each sub-ADC further time interleaves 10 SAR ADCs running at

18.5MS /s each. The system and its clock diagram are shown in Figure 1.2.

Firstly, designing a single-ADC, which corresponds to 18.5MSPS input sampling rate.
Then using the single-ADC in a sub-ADC, which includes 9 single-ADCs. The 9
single-ADCs run in parallel with properly shifted clock to achieve 18.5MSPS X 9 =
166.5MSPS sampling rate for the sub-ADC. The last operation for the thesis is
creating a time interleaved 2GSPS SAR ADC which obtains 10 sub-ADCs. Each one
of these steps are needed to be supported by designs, calculations, simulations and test

benches.

This thesis focuses on the design of the 20MS /s SAR ADC core, Note that sub-ADC
Is essentially a sub-sampling ADC where the maximum input frequency is 9 times its

Nyquist frequency.
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2. BASICS OF SAR ADC

2.1 Literature Review

Among a vast literature research on successive approximation register analog to digital
converters, a few relevant examples are provided in this section. The studies are sorted

by the date of submission.

An 8-bit current mode TI-SAR ADC is proposed in (Dlugosz & Iniewski, 2007). It is
designed in 180nm CMOS technology, it has 2MHz input frequency and the 0.55V
supply voltage. A 5-bit 500MSPS time interleaved ADC for ultra-wide bandwidth
(UWB) applications is realized in 65nm CMOS technology with 1.2V supply
(Ginsburg & Chandrakasan, 2007). It makes use of attenuation capacitor array in order
to reduce the capacitor sizes and adjustable latch strobe instant in order to use the time

for settling more effectively.

An 8-bit 50MSPS with 1.2V power supply voltage SAR ADC is realized 65nm
CMOS technology (Chen, et al., 2009). It is considered that an attenuation capacitor
larger than conventional design allows a tunable capacitor in this reference.

A 4-bit 700MSPS TI-SAR ADC is designed for UWB application in 180nm CMOS
process in (Talekar, Ramasamy, Lakshminarayanan, & Venkataramani, 2009). Using
Gilbert cell preamplifier reduces the power consumption by approximately 33%. It
achieves 23.3mIW power consumption at 700MS/s for an input swing 1V peak to
peak. The ADC gives SINAD of 23.9dB and SFDR of 32.6dB.

A 6-bit 2.5GSPS ADC that is supplied by 1V is presented in (Greshishchev, et al.,
2010). It is used for optical receiver systems. It achieves 40mWW power consumption
and 4.5 ENOB with 65nm CMOS technology. An 8-bit 100KSPS SAR ADC with 1V
supply voltage is presented in (Arian, Saberi, & Hosseini Khayat, 2011). Generalized
non-binary search algorithm is proposed to reduce the complexity and the power

consumption overhead of the digital circuitry.



A 7-bit 1.5GSPS TI-SAR ADC is presented in (Akita, Furuta, Matsuno, & Itakura,
2011). It is designed in 65nm CMOS technology and it consumes 36mW from 1.2V
supply. The achieved SFDR as 52.4dB, SINAD as 39.6dB. An 11-bit 3.6GSPS TI-
SAR ADC is designed in 65nm CMOS (Janssen, et al., 2013). It achieves 54dB SNR,
54dB SINAD and it consumes 795mW power.

A 12-bit 1MSPS SAR ADC with 1.2V power supply is presented in (Du, Ning, Zhang,
Yu, & Liu, 2013). A calibration method is presented for the proposed ADC. A TI-SAR
ADC is designed in 65nm CMOS process and it enables timing skew calibration (Lee,
Chandrakasan, & Lee, 2014). 51.4dB SINAD, 59.1dB SFDR, and +1.0 LSB
INL/DNL are achieved at 1GS/s with Nyquist rate input signal. The power
consumption is 18.9mW from a 1.0V supply.

An 8-bit TI-SAR ADC is presented in (Kundu, et al., 2014). It achieves a sampling
rate of 2.64GS /s while maintaining an ENOB of over 6 bits in the entire Nyquist band.
The 40nm LP CMOS design dissipates 39mW from 1.2V.

A 6-bit 10GSPS TI-SAR ADC is presented in the reference (Tual, Singh, Curis, &
Dautriche, 2014). It is based on a master track and hold followed by a time interleaved
synchronous SAR ADC, thus avoiding the need for any kind of skew or bandwidth
calibration. 28nm CMOS technology is used. The core ADC consumes 32mW from
1V supply and shows 5.3 ENOB.

A 10-bit 5GSPS TI-SAR ADC is presented in (Fang, et al., 2015). It aims to tolerate
decision errors arising from noise, reference settling error, etc. It is designed in 28nm
CMOS process and achieves 49dB SNR, 52dB THD and 42dB SINAD. It consumes
76mW from 1V supply.

2.2 Analog to Digital Conversion

Analog to Digital Converters (ADC) convert continuous analog signals to digital data.

A continuous analog signal that can take infinite values needs to be quantized for being

converted into a digital form. For a proper quantization without any information losses,

these infinite values can be sufficiently sampled discrete and finite amounts of values.

According to Nyquist’s theorem; a continuous time signal has to be sampled by at least

twice the maximum frequency to allow accurate reproduction of the original signal
8



without any information losses (Maloberti, 2007) (Razavi, 1995). In Figure 2.1 is

shown an example of 3-bit conversion.

y(t) y(k) y(k)
sampling quantization |
’ ’ %E
t ‘ i EE:EE:E:EEE
[ ]]] igﬁ
k I N B k
Analog signal Discrete time signal Quantized signal

Figure 2.1: Converting analog signal to digital signal.

Quantization is the process of constraining continuous magnitude values into discrete
and finite amount of values, which can be represented by digital codes. Resolution of

the quantization depends on the number of codes.
2.2.1 SAR ADC

The trade of between speed, resolution and power consumption is the key factor when
choosing the most suitable topology. To supply higher resolution and lower power
consumption, SAR ADC topology is the most sufficient choice for portable devices

which the battery life is one of the major concerns.

Comparing SAR ADC with the other topologies, SAR ADC shows the lowest power
consumption with larger resolution and slower sampling rate. Also with the binary

search algorithm, the architecture is simple enough to implement.

In Figure 2.2, the binary search algorithm for a 4-bit SAR ADC is depicted. The DAC
inside SAR ADC contains sample and hold stage to sample the continuous analog
input voltage. An N-bit register that has MSB as ’1” and all the other bits ‘0’ as firstly,
the sampled data of DAC are sent to comparator to determine if sampled input value
is higher than half of the reference voltage. Comparator output is logic 1 means that
the sampled data is higher. Otherwise, it is lower than V,..r/2 and MSB of the N-bit
shift register cleared to ‘0’. Then the N-bit shift register shifts to the next bit and

another comparison is done.
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Figure 2.2: SAR operation for 4-bit example.

The conversion continues until all the N-bit is shifted, that means the first value at the
beginning of conversion process is LSB now and so on. At the end of the N
comparison, the N-bit digital word is predicted by binary weight search algorithm. The
final data is resulted from sampled analog input value is available in the shift register
until the next N-bit digital word comes.

It is clear that the sampled analog input value is compared with the output of the DAC.
Then the digital output word is completed as shown in the Figure 2.2, the converted
word is as closed as possible the sampled input as V,y + LSB. The conversion result is
the final output of binary search logic. For all this process, a SAR ADC consists a

DAC, a comparator, and a binary search logic.
2.2.2 Design goals

The main aim of this thesis is to design a modest SAR ADC for a high-speed time
interleaved ADC. To reach this goal a high speed, low power, high resolution SAR
ADC is needed. Therefore, minimum speed is calculated 18.5MSPS and answering the
purpose of resolution 8-bit design is applied. Under favor of designed amplifier, power

consumption is considered about several mW.

The total consumed current is around 3.5mA. Thanks to the designed amplifier, each
one consumes 0.5mA current. Using 180 nm CMOS technology allows 1.8V supply
voltage. With this supply voltage, input range is determined around the 1.1V common
mode voltage +£500mV. Finally the time interleaved SAR ADC achieves 2GSPS

sampling rate.

10



3. DESIGNED BUILDING BLOCKS

SAR ADC allows the low power consumption and high resolution, but paying the price
with the slow sampling rate (Dlugosz & Iniewski, 2007). To realize the structure it is
designed that a fully differential comparator, a binary weighted split switched
capacitor array digital to analog converter (DAC), and a successive approximation
register (SAR) logic blocks. The designed architecture is shown in the Figure 3.1 as a

summary.
_ Digital Data
\\/lli?:D—D Vo + + T S
2 f> e b
8 Vo - - u 8
DAC Comp SAR Logic
Figure 3.1: Designed SAR ADC architecture.
3.1 The Comparator

A fully differential amplifier has 180° phase shifted two inputs and it amplifies the
difference between these input voltages, in Figure 3.2. Fully differential signaling
provides a significant cancellation of noise voltage on differential input signals. When
the same noise voltages affect two differential input signals on sampling process,
common mode change shows up and it is suppressed by common mode rejection of
the differential comparator (Maloberti, 2007).

Vin+ — +

=

Vin- ——— -

Figure 3.2: Simple comparator.

In general, there are noise voltage and the input voltages at the input of the comparator.
The output of the comparator could be Vi or reference voltage.
11



For an amplifier from the stage of the comparator, if the inputs are V;,,,+ + Vyoise and

Vin— + Vaoise » the output is equal to equation 3.1.

Vout— =AX ((Vin+ + Vnoise) - (Vin— + Vnoise)) =2X AX Vin+ (31)

Moreover, the output is the difference between the two voltages where A is the gain
of the amplifier. With differential amplifier, both input voltage is multiplied and noise
voltage is subtracted. If the amplifier has differential output, the output voltage also

couldbe V- =2 X AX V,_ aswell.

The comparator represents the only analog circuit in the SAR ADC. It determines the
speed, resolution, and power consumption. So, these should be analyzed deeply. The

trade-off between them shows they have to be evaluated together.

The comparator structure includes cascaded preamplifiers ended with a latch as in
Figure 3.3. The signals, which are amplified by cascaded fully differential amplifiers,
are conveyed to input of the latch to achieve binary logic levels as soon as possible.
However, latch usually has an input offset voltage that is not ignorable. For reliable
result, it is common to use a number of cascaded preamplifiers. In addition, this
solution will supply the quick decision by latch. The total gain of preamplifiers will
reduce the input referred offset of the latch, and the response time of the latch will be

smaller for an amplified signal (Razavi & Wooley, 1992).

Veve
CK1 | CK2 [ CK3 } CK4 | CK5 |
>y >y v =y v
Vin +DM - ﬁ - (%:} - ﬁ + + HDoVout +
in-O——— - it - it - it - - DV -
Vin =2 ekint c ¢ i LatchP-OVout
CKO CKO CKoO CKO CKO {
CKLatch
(o] (o] o 5\
Cbe CKZAb CK?\’ CKZ% CKST
Vem

Figure 3.3: Designed comparator structure.

Since the offset voltage affects the linearity of the overall system, it should be
cancelled. For the designed comparator, output offset cancellation method is used to
decrease the offset voltage which gets on the input voltage of the latch.

12



3.1.1 The preamplifier stage

Preamplifier is the gain stage for comparator, and the gain should be as high as
possible. Among fully differential structures, resistive loaded amplifier has common
usage. For this work, between the resistive loaded and active loaded amplifiers a
simple one is chosen, as shown in Figure 3.4. Resistive loads supply higher speed than
active ones. Gain for the common source resistive load differential pair amplifier is

shown in equation 3.2.

Ag = gm X R, (3.2)
21
where Im = VGS_DVth (3.3)

The gain changes with transconductance and/or resistance. Transconductance of the
input transistors depend on the tail current. It is clear that there is a trade-off between
power consumption and gain. Considering the trade-off, the input resistor sizes and
resistor values should be decided carefully. As it included in Table 3.1, the transistor
sizes are set to W /L = 10um/0.18um, load resistors selected as 2.5K(), the tail
current is set to 500uA and the Vo = Vs — Vi Set to 250mV, which results in a

gain approximately 5.

Table 3.1: W/L ratios for preamplifier.

L(nm) W (um) Finger
MN1, MN2 0.18 1 10
MN3, MN4 0.5 3 10
MN5, MN6 0.18 1 10
MNO 0.18 4 1

One of the disadvantage of using resistive load is in matching difficulties, which we

cannot achieve a very good matching in layout of resistor in contrast with active load

This matching problem causes current stabilization problem in two branches of
differential pair, which must be considered in layout. Furthermore, tail current
mismatch is another issue, which a small change in tail current will cause a change on
the output common mode voltage due to resistive load, so to solve the problem we

need to use the cascade current source to stabilize the tail current node.

13
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Figure 3.4: Preamplifier schematic.

An amplifier test bench is seen in Figure 3.5, and a graph of transient waveforms of
the designed amplifier is seen in Figure 3.6. Amplifier settling time results can be seen

in Figure 3.7.

Vot

Vo-

Figure 3.5: Preamplifier test bench.

According to Figure 3.6, a differential square wave of +2.5mV (which is smaller than
ADC’s LSB value of 3.9mV) around a common mode voltage of 1.1V is given to the
inputs of the amplifier and the outputs are depicted. Amplifier gain can be calculated

as in equation 3.4,
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Vor — Voo 1171909 — 1.14704 _ 24.87mV

A= =
Viy —Vi_ 0.005 5mV

=4.97 (3.4)

So, in ideal conditions we can expect the five stage amplification gain as,
As_stage = 4.97° = 3032 (3.5)
As_stage = 69 aB

It is needed to have at least 50dB gain before latch, because the offset voltage of the

latch is around 150mV. (Vor s 1accn/ gain) < LSB is the limitation rule for the gain.
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Figure 3.6: Preamplifier gain test results.

This gain value will be affected by the parasitic capacitance between gate of the input
differential pair and common mode voltage source, which forms a voltage divider over
offset storing capacitor [C,s/(Cos + Cgp)]. In order to keep this attenuation fair
enough, we need to use a large offset storing capacitor, on the other hand, this will
limit the speed of the amplifier, according to the simulation results 100fF of storing

capacitors will be an optimum point.

Amplifier settling time can be measured as Figure 3.7, it can be seen that output of the

amplifier settles to the %90 of its value at 85ps.
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Figure 3.7: Preamplifier settling time test results.

3.1.2 Overdrive recovery

In preamplifier circuits, some effects create reliability or speed problems. One of them
Is about overdrive. Firstly, when inputs of the amplifier are set to large differential
voltage, effecting on the gain of the comparator resulting the output of the gain stage
to settle to either supply voltage (AVDD) or ground voltage (AGND). After this
situation, if an input differential signal changes its phases, the amplifier requires a pre
charging time to enable comparator to produce necessary output logic. To activate this
operation the comparator takes a bit longer time in compare to its natural time. This

extra time generally mentioned as comparator overdrive recovery time (¢,,).

To solve the overdrive recovery problem, a simple NMOS switch could be impacted
between the differential outputs. When the switch is reset, outputs of the amplifier will

be settled to output common mode voltages.
3.1.3 Offset cancellation

One of the effects, which is related to reliability of comparator, is offset voltage. For
an amplifier, offset is a big issue. If there is a small voltage difference between the
inputs and the offset voltage can get on the smaller input of the amplifier then the
smaller input could be larger than the other input. After the amplification, the wrong

16



distance between the inputs will be higher and unrecoverable because the comparator
will be wrong compare. For this problem, there are many cancellation techniques in
the literature to cancel the effect of the offset, and it is chosen that cancelling via offset

storage method for this work because of its lowest power dissipation.

Offset storing methods based on storing the offset voltage on a capacitor and add it to
the signal to cancel the effects of the offset. Using output offset storing model instead
of input model, allows using smaller capacitances. Offset cancellation is implemented
to first three stage of the comparator, neither to last two amplifiers nor to latch. As
suggested in (Gregorian, 1999), offset of the last two stages are not canceled, since
their contribution on input referred offset voltage is negligible according to,

V .
Vin,off,n = o;;];,m (3.6)

Where Vi, o5 IS input referred offset voltage of nth amplifier, V, ¢ i, is offset voltage

of the nth amplifier and A is the gain of the amplifier.

The dummy switches without offset storing capacitors are used to prevent the
asymmetry on layout for the latter two phases without offset storing capacitors.

Vewm Vewm
CK1—>l CK2 —)l
CKin
Vol + -
Vin + >— % + >= e {Jvin2 +
Vin -[> 3 - . i —JVin2 -
CKin Vol- +Ve
CK1I—> CK2—>

Figure 3.8: Output offset cancellation structure.

Output offset storing method cancels the offset at the output of each gain stage. In the
Figure 3.8, it is shown that there is two phase. In the first phase, inputs of the whole

preamplifiers are connected to the common mode voltage. This stage helps storing the
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amplified input offset in the capacitors, which are at the output of the each

preamplifiers. It is shown in the Figure 3.9 V. is stored as

VC = A X VOFF (37)

vem[ >— A > c — Jvem

0

Figure 3.9: Offset cancellation first phase.

The second phase is comparison phase for the comparator. Therefore, the inputs of the

first amplifier is connected to the input voltage V;,, and V;,,_ as Figure 3.10.

After calculated output voltage of the first amplifier, the input voltage of the second

amplifier. V;,,», is calculated as in equation 3.8.

Vina+ = —Ve + Vo1

Vinge = —A X Vopr + A X (Viny + Vorr)

Vinz+ = —AXVopp + A X Viny + A X Vopr

Vinay = A X Vipy (3.8)
+ A x Voff -
Vol +
Vin+[ >——— + It {Jvin2 +
C
i< vin2 -

Vin-Di—/

Figure 3.10: Offset cancellation second phase.

As it seen from this procedure, the offset voltage of first stage is clearly removed. This
solution will be impacted to other stages and the offset voltage will be out of question

for the preamplifier stages.
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3.1.4 The latch

Latch block is used in order to be sure that the output of the comparator saturates to
logical levels for any input values difference. As in Figure 3.11, the latch is a high gain
stage with its logical level outputs and positive feedback. The preamplifier stages
amplify the difference between the inputs, then the latch saturate to the logic level
corresponding to the V;,, and V;,_. Small input signals of the latch always cause
wrong decision at the output because the latch has a large input referred offset voltage.
The decision time of the latch is related with the input magnitude. To avoid longer
decision time, preamplifier stages are needed to increase the magnitude of the signal

as much as possible.

Latches are used as data storage elements. Previous state of the latch causes the
memory effect and changing the current state takes more time. In addition, this effect
causes the harmonic distortion. Delay of the whole system is determined by latch stage,
so it is needed to create results at the right logic level and at the right time as well. The
systematic errors are needed to avoid, which caused by latch.

AVDD

CKLatch —4[ mP3  mP4|p 4 MP2  MP1]b~ CKLatch

CKLatch
A

Vout - Vout +

CKLatch_b

Vin - [O—[MN3 N4 }—‘ L—{[mN2  mNL ] Vin+

CKLatch —|

Figure 3.11: Latch structure.
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The most important situation for the latch is when a large differential input voltage is
applied after a small one. At that moment, the latch could not set itself easily so it is

mentioned to test critical points at the next section, included in comparator test results.

As it stated before, there are two positive feedbacks. One of them is easily seen from
the Figure 3.11 that is between a cross-connected PMOS transistor couple and a cross-
connected NMOS transistor couple. Moreover, the other positive feedback is seen at

the outputs that two cross-connected inverters, which can quickly drive next stage.
3.1.5 Comparator operation and test

The test bench of the comparator is designed as in Figure 3.12, its clock signals are
determined as Figure 3.13, and the simulation of the comparator is performed.

+ Vo+
Vem — ;F >
, Vv

O-
Ul QUL

V1:+2.5mV<_> <_>V1:-2.5mV Comp

V2:-2.5mV V2:42.5mV

-7 -7

Figure 3.12: Comparator test bench.

The investigated schematic of the comparator is given in Figure 3.3. During the reset
phase that is also sampling phase of the DAC and offset cancellation phase of the
comparator at the same time, the CKO signal rises to recover the differential output
overdrive firstly. Shortly after each 500ps, the offset is stored by output referred
capacitors one by one with the rising edge of CK1,CK2,CK3,CK4,CK5 input clock
signals. All the overdrive recovery and offset cancellation operations are performed
within reset phase. After the sampling phase of the DAC, comparison of the SAR logic
is started and the following 8 clock cycles with 6ns period time for each are used for
data comparison of 8-bit data. At the beginning of the comparison phase, the CKin

signal rises to connect the output of the DAC to input of the comparator. After some
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time to allow pre amplification process, the latch stage is activated by CKLatch signal.
Then the output of the latch is sent to the SAR logic block.
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Figure 3.13: Comparator clock signals.

In order to test the offset cancelation circuit, an offset of 0.2um is added to the width
of amplifier differential pair intentionally. It is applied by making the W,/L; =
10.2um/0.18um and W, /L, = 9.8um/0.18um, as it can be seen from Figure 3.14.
A 19.69mV offset is appeared at the output of the amplifier. After applying the CK1

and CKO, the offset at the input of the second amplifier is basically zero volt.

Nane |

CKO

; 2.0 g
-m CK1 1.5 4
mCcK2 Lo, 3
' mCKin =7
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0
imamp- 1
Lmmamp+ | 1

1
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Figure 3.14: Comparator offset cancelation process.
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As it represented in Figure 3.13, the CKO signal is switch control signal of the
overdrive recovery. Each cycle of the comparator is made ready by CKO signal.
CK1,CK2,CK3,CK4,CK5 are control signals of the offset cancellation switches.
These signals are short circuited to the input and output nodes of the preamplifiers.
The common mode voltage V., and the cancellation method is done in one conversion,
which takes 9 cycles. The reason is, during the ADC operation phase, new input signal
is not applied to the comparator so the offset is constant and there is no need to re-
store it over offset storing capacitors anymore. CKin controls the input voltages V..

In addition, the CKLatch signal controls the latch stage as well.

Comparator is tested in PVT corners and Monte-Carlo analysis. Monte-Carlo at PVT
corners of (SS,TT,FF,1.71V,1.8V,1.89V,—40°C,0°C, 27°C,85°C,105°C,125°C)
are tested and comparator passed these corners completely with zero bit error rate.

Comparator output voltage across corners can be seen in Figure 3.15.

According to further Monte-Carlo analyses, the comparator found to operate properly
with zero bit error rate (BER) up to 510 MHz speed. In addition, it is analyzed at 125°C

with a precision of 4mV differential input voltage.
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Figure 3.15: Comparator corner simulation.
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With the explained signals, the comparator is analyzed for the most critical points of
the input voltages. The small differential input signals are applied to inputs of the
comparator about 5mV and 25mV , then large signals are applied around V¢ voltages.
The output waveform shows that comparator can toggle easily and correctly as shown
in Figure 3.16. Total gain of the five stage amplifier before the latch stage can be

calculated as below,

2 _latch_iny —latch_in_  1.81 —0.243
> stage ™ Vip = Vi_ ~0.005

= 313.4 (3.9)

As stage = 49.92 dB
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3.2 The DAC

Ina SAR ADC, DAC is one of the main blocks, because the linearity of the SAR ADC
depends on the linearity of the DAC and the DAC has so much power consumption
(Liu, Chang, Huang, & Lin, 2009) (Chen, et al., 2009). To reduce the power
dissipation, resistor based DAC is not used. Capacitor array DAC has much lower
power consumption in comparison to the resistor based DACs. However, power
consumption of the capacitive array DAC is still high. In addition, in high resolution
SAR ADCs, values of the DAC’s capacitors increase exponentially with the number
of bits. For an n-bit binary weighted capacitor array DAC, the capacitor value is
calculated as

C;=2"1xC (3.10)

where i = {1, ...,n}. As it seen from the equation 3.10 and Figure 3.17, for each bit

the value of the capacitor increases. The total capacitance for the DAC is calculated as

Cootar = (1+14+2+4+- 42" xC (3.11)
Crotar = 2" X C

where the total capacitance is C;,:q; and the unity capacitance of the DAC array is C.
As we can see from total capacitance equation 3.11, the method is not practical to use
binary weighted capacitor array structure for more than 5-bits (Yee, Terman, & Heller,
1979).
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Figure 3.17: Binary weighted capacitor array DAC structure.
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The different types of binary weighted capacitor array structure are mostly popular,
which is used in SAR ADCs as reported in (McCreary & Gray, 1975) (Suarez, Gray,
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& Hodges, 1975). It has two operation phases, first one is reset phase, top plate and
bottom plates are short circuited to common mode voltage to discharge the capacitor
array in this phase. Second, is conversion mode, during this phase, top plate is open
circuited and bottom plates are short circuited to either common mode or reference
voltage according to digital input code. The equation 3.11 is implemented in
Figure 3.17. The value of capacitor is increased by increasing the number of bits.
Therefore, disadvantages of this structure are high switching power dissipation, large

chip area because of the bigger capacitors, long settling time to drive bigger capacitors.

Unity capacitor value is determined by not only technological limits but also matching
and noise requirements. It is impossible to reduce it further below a limit value. In
addition, split capacitor array structure is used to reduce the large capacitors without

decreasing unity capacitor value.
3.2.1 Split capacitor array

Among capacitive DACs’ structures, split capacitive array architecture is used
commonly such as (Du, Ning, Zhang, Yu, & Liu, 2013) (Liu, Chang, Huang, & Lin,
2010) (Arian, Saberi, & Hosseini Khayat, 2011). The split capacitor array reduces the
total area of the capacitors required for high resolution DACs. As shown in Figure 3.18
a serial attenuation (bridge) capacitor separates the binary weighted DAC in two arrays
as MSB array and LSB array (Yee, Terman, & Heller, 1979). In split capacitor array
DAC structure, the equivalent capacitances are seen by the MSB array side as unity
capacitance of the DAC. With this structure, the total capacitance of the DAC is
reduced.

LSB side MSB side

! R SR
c 2c 41 sl lzc:— 41 8CH
s I

attenuation capacitor

n
—}O—OVCM
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Figure 3.18: Split capacitor array DAC structure.
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In this structure, the equivalent capacitance on the LSB side with attenuation capacitor
should be equal to unity capacitance C. So calculating the total capacitance of the split

array DAC shows
Ctotar = (LSB side cap series to Attenuation cap)// (MSB side cap) (3.12)
Ceotar = C// [(1 4+ 2+ 4 + -+ 20271y x (]
Crotar = 2™* % C

The total capacitance is decreased to square root of binary weighted form as it seen

from the equation 3.12. For an 8-bit split array DAC, the total capacitance equal to

Crotar = 28/ x C =16 x C

The designed DAC converts 8-bit data as it seen in Figure 3.19, it is formed as a fully
differential binary weighted split switched capacitor array DAC. With fully differential
operation, two different split array come up for positive and negative outputs.
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Figure 3.19: Designed fully differential DAC structure.
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If the fully differential binary weighted split switched capacitor array DAC structure
Is investigated in detail, two phases of operation are seen as reset and conversion. In
addition, the reset operation is realized as sample&hold function. Before a deep
explanation for these phases, it is needed to determine unity capacitance C and

attenuation capacitance C, according to thermal noise and time constant.

The unity capacitance value is decided according to thermal noise, time constant, and
bandwidth. Also, it is related to resistor value of the switch (transistor R,y ). Thermal
noise (V,) is also called as Johnson-Nyquist noise. It is the electronic noise, which
occurs because of the thermal incitement of electrons, which happens without applied
any voltages. The most noise sensitive operation of an analog to digital conversion is
sampling function. Moreover, the noise affects the accuracy drastically. The value of
the sampling capacitor is reversely rational to input referred thermal noise, and the
thermal noise is needed to be as small as possible. It is useful to investigate the thermal

noise deeply.

(3.13)

Vo =— (3.14)

Where LSB for the designed DAC is 3.9mV for each branch, k is the Boltzmann
constant, T is the temperature in °K and C is the sampling capacitor’s value in Farad.
Therefore, the minimum C value can be calculated as equation 3.15 to overcome
thermal noise where the maximum operation temperature is expected to be 125°C
equals to 398°K,

(1 LSB)Z _kxT
2 Cmin

(1 (39 10_3))2 _ 1.38x1072%.398
2 B

Cmin
Croin = 1.44 fF (3.15)
The minimum 1.44fF capacitance is needed to overcome the thermal noise while
sampling operation. With these calculations, it is known that the thermal noise is not
an issue for designed 8-bit DAC.
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It is clear that the thermal noise power rises with increasing temperature and
decreasing sampling capacitance. When the C needs to be as large as possible, the
noise voltage would stay below half LSB and it would not affected from the thermal
noise power. Beside thermal noise, the C needs to be as small as possible to make the
time constant small. It is important with restricting the maximum frequency.

as an example,

—> theswitchis
used as MOS

Vin —— ™ J_ Vo

Figure 3.20: Equivalent circuit for the sampling network.

As shown in Figure 3.20, when an input voltage loads a capacitor through a switch,
settling to desired voltage level takes time. In the modelled switched-capacitor serial
RC network, the channel resistance of the transistor is assumed Ry, the voltage on

the capacitor is shown in equation 3.16 as time domain solution.

Ve(®) = Vip(1 — e~ /D) (3.16)

where T = R,y X C. The equation 3.16 is rearranged to get settling time as in equation
3.17.

Ve
— = (1=~ /D
y - (dme)

v, (
InG=)=0-(=2)

t= 1n(ﬁ) X T (3.17)
Vin
The settling time is calculated as seen in equation 3.17. It is clear that the settling time
is related time constant and logarithmic function of the voltage of input and
capacitance. For an 8-bit settling accuracy for an RC network, settling time can be
calculated as equation 3.18.
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1
t=In|——— |xT=55x%x7 (3.18)

Vs -1y

If we choose the unit capacitance value 50fF, the total sampling capacitor of capacitor

network is equal to
Crotar = 2* X C =16 X 50fF = 800fF (3.19)

The total sampling capacitor C;,.q; iS equal to 800fF for each two side capacitive
array. The sampling capacitor value is also beyond the needed thermal noise value.
Furthermore, Rpoy = 1KQ can be assumed as a start point, then the settling time can

be calculated using equation 3.18,
t =55XRyNC =44ns (3.20)

This settling time limits the speed of the ADC and need to be reduced, the time that
can be logical according to the whole system timing plan is 3.5ns, in order to have

3.5ns settling time it is needed to have R,y = 800Q.

Nevertheless, it must be remembered that there is a tradeoff between thermal noise and
time constant as it seen from the previous equations. Moreover, reaching the desired

bandwidth helps to detect maximum R, related to C.

1
BW=—— 21
W=k, (321)

According to all these limitations, if it is assigned as 1GHz bandwidth and 50fF to C

capacitance, the maximum resistance value could be calculated as;

1
BW = —————— 3.22
2MR pax SOfF (3.22)
Rpae = 2000
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With the 1GHz bandwidth and 50fF capacitance, the maximum value of the resistor

is defined as 200Q. Therefore, the settling time for the designed system is equal to

t =5.5XR X C =5.5x 200 x 0.8pF = 0.88 ns (3.23)

To propose the fully differential binary weighted split switched capacitor array DAC
structure, it is needed to divide the architecture in two sides, as it explained before.
The attenuation capacitor is stated between these sides. The value of attenuation
capacitor is very important to achieve a good linearity for DAC. It is proved that the

C, almost equal to unity capacitance (Ozkaya, 2010). It is calculated for 8-bit as

sum of the LSB array capacitors 16
XC=—C (3.24)

4= sumo f the MSB array capacitors 15

Here the sum of the MSB array capacitors equal the sum of the LSB array capacitors
minus C (Bekal, Goswami, Singh, & Pal, 2014). The attenuation capacitor Cy,
introduces top and bottom plate parasitic. The systematic error caused by parasitic
capacitances of C, is needed to be corrected for more than 10-bit resolution. For higher

resolutions, the calibration becomes necessary.
3.2.2 The switches

The MOS switches’ current flow through the transistors are shown in Figure 3.21 to
compare the working voltage levels of switch types. If the input signal changes from
ground to supply rail, using a transmission gate switch is convenient. This type of
switch is formed from parallel connected an NMOS and a PMOS transistors. With this
way, parallel-connected R,y resistances of the transistors are in low ranges in whole

swing levels.

1=V / (Rop)

NMOS5 PMO35

|
ANSMIS.ISION GAT
Vih Voo

Vin

Figure 3.21: Different switch topologies Ry -
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The on resistance of an NMOS transistor in the linear region is given in equation 3.25.

1

w
.unCox T (VDD - Vin - Vth)

Roy = (3.25)

It is seen from the equation 3.24 to achieve a lower on resistance, the bigger size of
transistor is needed. Because of bigger transistor, threshold voltage is getting higher.
To improve the dynamic range of the input, 3.3V transistors are implemented for
sampling switches. To be able to sample both the lower and higher regions of the
analog input voltage swing, the sampling switches are designed as transmission gate
switches. At the same time, the R, is decreased automatically because of the parallel

transistors connections.

There are always some drawbacks, so making them minimum is important to achieve
systems that are more reliable. For the CMOS switches, charge injection and clock

feedthrough effects are major error sources.

Clock feedthrough mechanism occurs when the switch is turned off, dispersing the
charge in the inversion channel, forcing current to flow either into the substrate or the
load capacitor at the MOSFET drain or source (Xu & Friedman, 2002).

: Vo

overlap parasitics l
Vin le

Figure 3.22: Overlap capacitances.

The effect is caused by the gate-drain or gate-source overlap capacitances Cyy, the
signal on gate terminal which controls the switch feeds the input through the overlap
capacitance (Xu & Friedman, 2002). An NMOS switch is shown as an example in
Figure 3.22, when the clock signal goes to ground from supply voltage, for capacitance

the total change of sampled voltage is equal to
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WCoy

AV = —Vpp ————
PPW e,y + Cs

(3.26)

where Cs is the sampling capacitance. As it seen from the equation 3.26, clock
feedthrough causes the voltage change, but it is independent from the input signal. It
means that the clock feedthrough causes voltage offset. The offset depends on

dimensions of the switches (Razavi, 2001).

On the other hand, charge injection is more critical effect, because it creates an input
signal dependent sampling error, which is a source of nonlinearity. Firstly, a MOS
transistor is turned on and a channel is formed by absorbing certain amount of channel
charge from its terminals. Then the transistor is forced to turn off by a slowly
decreasing voltage and the charge has to be injected outside through the terminals of
transistor and the channel disappears. With this process, there is no important situation
on sampling capacitor. However, if the formed channel is forced to cut-off very
quickly, the channel could not disappear as quickly as wanted. Moreover, the channel
charge continues to be injected to the sampling capacitor. This effect is too complex
to be modeled adequately, but it is assumed that half of the channel charge is injected
through drain terminal, remained channel charge is injected through source side
(Razavi, 2001).

Qi
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Vin )
obp] ®bp —— |

Figure 3.23: Bottom plate sampling.

There are some solutions for the charge injection effect. To mention one of them, it is
called as bottom plate sampling method. As it presented in Figure 3.23, an additional
switch (bottom plate sampling switch) is put after the sampling capacitor. Slightly
before to turn off the sampling switch, the bottom plate switch is turned off to make
floating sampling capacitor to not be injected the channel charge onto the sampling

capacitor when sampling switch gets off (Maloberti, 2007).
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In addition, there is another way to eliminate the charge injection. In analog input
sampling switch method, a second transistor with half in dimension is connected in
series with the main switch, source and drain terminals of the dummy switch are
shorted, and clocked inversely. The dummy switch has the same channel length. When
the transistor goes to off state from the on state, the channel charge continues to flow
over the capacitance and tries to be disappeared. While the channel is disappearing,
the channel of the serial transistor is formed and pulled the charge injected from the
switch to be cleared away its channel. By selecting half width of the original transistor
for the dummy transistor, a large part of the charge injection is cancelled. Because,
when the dummy switch needs to establish its channel, the same amount of charge is
injected through sampling switch and absorbed by dummy switch. The expression is
given for a simple NMOS or PMOS switch, so it is needed to tend on the transmission
gate switch. The analog input sampling method for transmission gate switch is shown
in Figure 3.24.

Vin

RST - b— RST

RST—| b— RST

U
Vo

Figure 3.24: Analog input sampling transmission gate switch.

At the end, the total resistance of the series connected bottom plate and top plate
sampling switches has to be less than 2004 as calculated in equation 3.22. So the Ry y
resistance is assumed 100Q for each switch. The 16 parallel switches are included as
the input sampling switch. It is obvious that to reach the desired R,y is sufficient if
each of these parallel switches has 1.6kQ R, resistance. A figure of R, across the
full scale voltage range can be found in Figure 3.25. The selected switch on resistances
have a margin to pass the corners simulations, too. A result of PVT corners simulation
is available in Figure 3.26. Since SS corner is rare, having a slightly larger resistance
is not considered as a big problem at that corner.
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Figure 3.26: Input sampling switch R,y across PVT corners.

For the designed DAC, it is needed to create single, double, and triple switches. For
the switch, which is stated at the output of the DAC, is designed as single analog input
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sampling switch. The redistribution capacitance is connected to the double analog
input sampling switches. Remaining switches are renamed as bottom plate sampling
switches and they are designed as triple analog input sampling switch. The triple
analog input sampling switch is used for it because the bottom plate capacitances need
to connect three different voltages according to the input voltages. As an example, the
triple analog input sampling switch is showed in Figure 3.27.

RST RST RST
Data_b<n> Data<n>
Vin D— Vref - D——— Vref + D———

RST - RST RST —| RST RST - RST
RSTH b— RST RSTH b RST RST—| b- RST
U
Vout

Figure 3.27: Triple switch schematic.
3.2.3 DAC operation and test

The split capacitor array DAC serves two aims in a SAR ADC. Firstly, it samples the
input signal. Secondly, it generates a voltage between the input signal and current

digital data comes from SAR logic block.
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Figure 3.28: 4-bit example of split array DAC.
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To demonstrate the operation, a conversion of 4-bit split capacitor array is presented
in Figure 3.28 as an example. During the sampling phase, top plate is connected to
common mode voltage V., and the bottom plates are connected to input voltage V;,,.
On this phase, the stored input voltage is obtained on the top plate (Son, Majid, &
Musa, 2012). Then the conversion mode comes up. During this phase, top plate is
connected to output as a floating node, bottom plate of unity capacitance is shorted to
common mode voltage and bottom plates of remaining capacitance are connected to
either positive or negative reference voltage according to digital input code. For the
first bit decision after sampling phase, just the MSB capacitor is connected to reference
voltage V,..r. to establish the 1000 as initial value. At the same time, the comparator
compares the sampled data and common mode voltage, it decides that the sampled
data (1000) is higher or lower. After the decision of first bit, the output voltage is

calculated as

Vrefi * VCM

Vo = Vey + > (3.27)
During the second bit cycle, according to output of the comparator
|74 TV |74 TV
Vy = Vey reft L VCM + ref+ L VcMm (3.28)

2 - 4

Then the remaining bits continue as

Viers * Vew | Vrers 2 Vou \ Vrers + Vew | Vrers ZVou 5 o)

= +
Vo =Vem £ 2 - 4 - 8 - 16

One conversion is completed for 4-bit split array DAC. If an 8-bit DAC is considered,

the process will continue as well.

The references voltages are selected as V;..r,. = 1.6V and V... = 0.6V around the
common mode voltage Vqp = 1.1V. V. and V;,_ are given as a ramp to define
different voltages for different on times, because DAC needs to sample the input
successfully. Reset and Reset Common Mode signals control the switches, which
are enrolled in the DAC and generate to charge the capacitors. Pulse width of the Reset
signal is larger because of creating floating capacitor, as it stated before. 8-bit data
should input from SAR logic block, as it seen in the test bench. The data are generated

by different 8-bit data inputs.
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A schematic of the DAC test is presented in Figure 3.29. DAC input bits are produced
with PWL sources in order to simulate both the DAC conversion and the ADC input
sampling phase. All the input bits are ‘0’ at the beginning, one LSB is counted up at
each period, up counting is paused for one period after each 8 periods. After 256
periods of conversion and 32 periods of ADC analog input sampling periods, the full
scale output is acquired. DNL and INL tests are applied to this output voltage,
excluding the sampled ADC analog input voltage. DAC output is sampled and
exported to MATLAB where DNL and INL calculations are performed. DNL and INL
plots for the DAC at TT (Typical-Typical) 105°C are presented in Figure 3.30 and
Figure 3.31 respectively.
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Figure 3.29: DAC Test bench.
0.08
0.06| :
. 004 — | - -
S oozl - - |
1Y R T T AT
BN e WV
004 | 5 . !
50 100 150 200 2%

INPUT CODE

Figure 3.30: DAC DNL plot.
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Figure 3.31: DAC INL plot.

In Figure 3.30 and Figure 3.31, the INL and DNL results are calculated by designed
circuit in Figure 3.29. These results shows the DNL and INL value of the DAC block.
It is obvious that DAC has both DNL and INL properties well below 0.5LSB, which

assures the linear operation and no missing codes respectively.

3.3 The SAR Logic

The SAR logic block collects the data in the 9-bit data array, given from output of the
comparator while the block shifts the first shift register. Then the inverted output data
set the other 8 D flip-flops to prepare the 8-bit word for the DAC block.

The last task of the SAR logic is determined as a storage, the 8-bit data are stored for
one conversion period in the last register array and this data represent the output word

for the SAR ADC in one conversion period.

The designed SAR logic block is shown in Figure 3.32. As it explained before, the
logic control block of the ADC is based on D flip-flop structure. It consists of a 9-bit
shift register to prepare the initial state for the SAR logic, a data array that includes 9
D flip-flops to collect the comparator’s results, and a register array that consists 8 D

flip-flop to store the 8-bit data as output of the whole system.
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40

<S>v1va <]————Y

<9>v1va G—J

<L>V1ivda




3.3.1 The D flip-flop with set and reset

The designed D Flip Flop (DFF) is based on transmission gated master-slave latch. As
showing in Figure 3.33, the master-slave structure is triggered by rising edge of the
clock. During the falling edge of the clock, the master latch follows the input and the
slave latch holds its previous weight. When the rising edge of the clock comes up, vice

versa.

DATA

>>—0a

Figure 3.33: D flip flop structure.

Generally, not only the master-slave structure is triggered by rising edge of the clock,
but also it requires the inverted clock. With the considering on the set and reset
mechanism, the structure shows the high active set or reset signal controls the NOR
gates and the output. If the low set signal comes up, the logic output will be high.
When the set signal is high and the reset signal is low, the output will be logic low.
The signals are indicated in the Table 3.2 that applying logic low for both set and

reset signals, ends up with undefined result for the transmission gated master-slave
latch.
Table 3.2: Truth table of D flip flop.

set reset Q
0 1 1
1 0 0
0 0 Undefined

In Figure 3.33 shows that the successively connected inverters supply sharper signal

waveform. The transmission gated switches are controlled by CLK and CLK signals.

Moreover, the NOR gates are used as inverter stage.
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3.3.2 Operation and test

SAR logic operation begins with the low active reset (rb) signal. First bit of the 9-bit
shift register’s output is forced to set high level by the low active reset signal. With
this, the inverted output of the first bit of the shift register is forced to set low so on,
and it is connected to set (sb) of the leftmost (8"") DFF of the 9-bit data array. After
loading the initial values, data output becomes 1000 0000. Then with the rising edge
of the clock, the second period starts. At that time, shift register sets the set of 7th
data bit of the data array to logic one. With rising the data, the eighth data bit of the
data array takes its data from the Comparator. Moreover, the data is conserved by the
last DFF of the data array. The conversion continues for seven remaining periods. too.
At the end of the all processes, the conserved data are transferred to the register array
to store all the data as output of the SAR ADC. Then the low active reset signal starts

the whole procedure again.

Table 3.3 demonstrates the algorithm how SAR logic works on each clock period. For
two conversion period, the table is created. It includes reset signal, the comparator,
the SAR logic output (that is also an input of the DAC block), and the Data (that is
output of the SAR ADC system). Firstly, sampling phase (zeroth period) is begun by
delivering active-low reset signal to all SAR logic registers. At this moment, input of
the DAC includes the dataas Q < 7:0 > = 1000 0000. Then the DAC block samples
the input voltage by connecting the bottom plates to input voltage and top plate to
common mode voltage. At the first period p1, Q < 7 > contains the COMP_OUT and
Q < 6 > rises logic one. Then the second period (p2) comes up and, Q < 6 > contains
the COMP_OUT and Q < 5 > rises to logic one. The other steps continue with the
same fashion. During these steps, Q registers contain their compared data inside when
the settled rising edges come. Before another reset and sample phase, the Q registers
transfer their data to register array (8-bit register D < 7:0 >). Output D < 7:0 >
registers of the SAR ADC conserve the new transferred values for 9 cycles. In other
words, during the second conversion output D < 7:0 > registers of the SAR ADC
remain the same and then when another reset and sample phase comes up, the registers
take new values. The input registers’ data of the DAC are changed systematically. At
the end of the each period, the current form of the changed data are transferred to the

8-bit register array to preserve for one conversion.
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The ADC’s main clock frequency is 166.5M Hz, which corresponds to a period of 6ns,

but its sampling frequency is 9 times higher than this period because of the binary

search procedure. So the achieved sampling frequency is 18.5MHz.

As seen in Figure 3.34, the SAR logic is controlled by Clk, reset and Data_Clk

signals. Clk shows the each period of the system and the Data_Clk controls the output

data of the whole system. reset signal is for resetting the flip flops. The compared

data comes to Comparator input of the SAR logic.
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Figure 3.34: SAR logic test bench.
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As it can be understood from their names, the control voltage (V;..r.) of the DAC is

generated by 8-bit Data_to_DAC and 8-bit Data_to_DAC_b outputs of SAR logic. In

addition, the Data and Data_b (8-bit outputs) show the converted data from analog

to digital.

43



Table 3.3: Operation results of SAR logic for 2 conversion.

First conversion

Second conversion

period &S| pl | p2 | p3 | p4 | p5 | p6 | p7 | p8 |R&S| pl | p2 | p3 | p4 | p5 | p6 | p7 | p8
reset| 0O 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1
Q<7>| 1 |C7a|C7a|C7a|C7a|C7a|C7a|Cra|C7a| 1 |C7b|C7b | C7b | C7b | C7b | C7b | C7b | C7b
Q<6>| 0 1 | C6a | Cba|Cb6a | Cba|Cba|C6a|C6a| O 1 | C6b | Céb | C6b | C6b | C6b | C6b | C6b
*g‘_ Q<5>| 0 0 1 | Cha|Cha|Cha|[Cha|Cha|Cha| O 0 1 | C5hb|C5b|C5b|C5b|C5b|C5b
£ Q<4>| 0 0 0 1 |Cd4a|Cda|Cda|Cda | Cda| O 0 0 1 | C4b | C4b | C4b | C4b | C4db
2 Q<3>| 0 0 0 0 1 |[C3a|C3|C3a|C3]| 0 0 0 0 1 [ C3b|C3b|C3b|C3b
&) Q<2>| 0 0 0 0 0 1 |C2a|C2a|C2a| O 0 0 0 0 1 [C2b | C2b | C2b
Q<1>| 0 0 0 0 0 0 1 |Cla|Cla| O 0 0 0 0 0 1 |Cilb | Cilb
Q<0>| 0 0 0 0 0 0 0 1 |Cha| O 0 0 0 0 0 0 1 | COb
D<7>| 0 0 0 0 0 0 0 0 |C7a|C7a|C7a|C7a|C7a|Cra|C7a|C7a|C7a|C7b
‘g_ D<6>| O 0 0 0 0 0 0 0 |[Cb6a| Cb6a | C6a | C6a | C6a | Cba | Cba | C6a | C6a | C6b
*g D<5>| 0 0 0 0 0 0 0 0O |[Cha| Cha | Cha|Cha | Cbha|Cha | Cbha | Cha | Cha | C5h
O D<4> 0 0 0 0 0 0 0 0 Cda | C4a | Cd4a | C4a | C4a | C4a | C4a | C4a | Cda | C4b
2 D<3>| 0 0 0 0 0 0 0 0 [C3a|C3|C3a|C3|C3 |C3|C3|C3|C3]|C3b
@ D<2> 0 0 0 0 0 0 0 0 C2a| C2a | C2a | C2a | C2a | C2a | C2a | C2a | C2a | C2b
% D<1>| O 0 0 0 0 0 0 0 |[Cla|Cla|Cla|Cla|Cla|Cla|Cla|Cla|Cla|Clb
D<0>| O 0 0 0 0 0 0 0O [COa| COa |COa|COa| COa|C0Oa| COa | COa| COa | COb

44




4. ADC OPERATION AND SIMULATIONS

ADC in this work is designed as a fully differential 8-bit SAR ADC with the
components described in the previous sections, using 0.18um CMOS technology. The
converter has +1V input voltage range and is supplied by 1.8V where input sampling
switches are supplied with 3.3V voltage source. Each conversion is performed in 9
clock cycles. The minimum change in differential input voltage that ADC is able to

sense and convert (Least Significant Bit - LSB) is equal to

input voltage range 1
LSB = o =5 =39mV 4.1)

A block diagram of the designed SAR ADC is seen in Figure 4.1. As seen in the block
diagram, no external sample and hold circuit is used, instead, the DAC capacitors are
used as sample and hold capacitors. This way, need for extra circuitry for the sample
and hold is avoided, which probably would include a voltage buffer too.

Comparator s Data
reset _‘ |—| g, Data_b
— e
Clk |_| I_, s Data_to_DAC
Data_ Clk . Data_to_DAC_b
= SAR Logic ’
e aijip
T:54ns T:54ns
pw:3ns pw:1ns
7
——aVin +
+ Vo + ——3 Vin -
—3 Vem
8
--1- —Vam S
- VO = reset common mode
reset
T:54ns LI d} T:54ns
pw:3.5ns V1:0v pw:3ns
V2:3.3V

Figure 4.1: SAR ADC test bench.
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A figure of ADC clock signals and internal voltages of ADC are shown in Figure 4.2.
Considering clocks and internal voltages lead us to understand ADC working principle

easily.

The main clock signal (Clk) runs 9 periods per ADC’s one conversion, therefore, 9 X

6ns = 54ns conversion period.

Appling the rising edge of the first clock to the input of the ADC starts the whole
system operation. Comparator inputs connected to common mode voltage (Vcu),
bottom plate sampling switch also connected to the common mode voltage and all

DAC capacitors are connected to the ADC’s input.

First half cycle of the clock period is for the analog input sampling also inside this half
cycle period there is comparator offset cancelation operation, which mentioned in
comparator section. Bottom plate sampling switch of DAC is turned off at 3ns falling
edge, sampling switch of DAC disconnects from input voltage at 3.5ns and connected
to the common mode voltage. Finally, at 4ns, DAC’s output voltage connected to the

comparator input and sampling phase is completed.

In the second clock cycle, as mentioned in SAR section, SAR output is actually denotes
half of the reference voltage. 4.5ns after the rising edge, comparator and DAC outputs
settles and Latch get strobes for 1ns. At 5ns, latch output clocked into a flip-flop, this

clock is named as data clock, it has also 1ns period.

Continuing these steps for 8 main clock periods, output data of the first conversion is
ready at the output of the SAR logic. At the end of conversion, the signals are
synchronized with the next conversion start. The comparator inputs are disconnected
and connected to V,,, the bottom plate sampling switches are connected to V,,, and
the capacitors of the DAC are connected to input comes from ADC input on the rising
edge of first clock (Clk).

46



= clock

£
= reset o !

= COMMmon =
mode &

= CKin =
i

= Clk -

= CKlLatch £
i

= reset =

= Data_Clk

= K5 Th
=CK4 -
=CK3 =
=CK2
=K1 EX
=CKO z
.5
1,58 4 [
= Vo + 129
= Yo - 1]
=
T
71 1
75 4
ih

=Data.to.D ;:; ]
=Data.to.D b = j

RO
5 3

=latchin- .~

“latchin+ *
i

= Comparator £

T?‘?s
= Vin + =
= Vin - - ;
]
_;;),.]
= Data L.

Figure 4.2: SAR ADC clocks and internal voltages.
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5. ADC PERFORMANCE EVALUATION

The Figure 5.1 represents the test bench of designed ADC simulation. It is figured with
the input signal sources, ADC under test, an ideal DAC following the ADC under test,
the ideal sample and hold, and MATLAB to process the data. Ideal DAC converts the
digital bits at the output of the ADC into analog voltage levels. This output is sampled
periodically at necessary points and it is exported to a .csv file. Further processing like

linearity test on the exported data is performed in MATLAB environment.

ADC
Under Test

8 ideal ideal

DAC S&H MATLAB

Figure 5.1: SAR ADC test bench for performance evaluation.
5.1 Static Performance

5.1.1 Simulation setup

By using the test bench in Figure 5.1, the static performance of the ADC is evaluated.
Input signals are given as 8 times slower linear ramp voltages so that each code at the
output should occur 8 times (8 hits per code - HPC) for an ideal ADC. When the
negative input voltage decreases, the positive input voltage increases so on. ADC
output words are ideally converted to analog ideally, and then it is sampled at the end
of each conversion and finally it is exported to a .csv file in order to calculate static

performance metrics in MATLAB.

5.1.2 DNL

Firstly, the Differential Non-Linearity (DNL) test is applied. DNL can be defined as
the difference between ideal and real value of a code for ADC. When an input voltage

corresponds to a given code applied at the input h times and the given code occurred
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at the output hy times the DNL could be calculated by using equation 5.1 for this given

code.

hg — h

dnl(i) = A

(5.1)

Where dnl(i) is the DNL at the ith code, h represents the ideal hits per code number,
hg represents the obtained number of ith code. Total DNL is usually reported as the

absolute maximum value of the dnl array.

The given code in equation 5.1 is implemented in MATLAB and the exported data
from CADENCE simulation is used for DNL calculation. Appendix B presents the
MATLAB code for DNL calculation. DNL plot of the ADC is given in Figure 5.2.

1.2

0.8— -

0.6~ —

0.4 —

DNL (LSB)

0.2 —

oL g

-0.2 | | | | |

OUTPUT CODE

Figure 5.2: SAR ADC DNL plot.

The total DNL error is the difference of the maximum and minimum resulted DNLs
of all codes. A DNL error higher than 1LSB corresponds to a loss of 1 bit. The lower
DNL than 1LSB is achieved by the designed ADC.

5.1.3 DNL across PVT corners

DNL analysis is performed across PVT corners, too. Simulation results show that the
worst case DNL is just a little over 0.8LSB. DNL plots for the FF, TT, SS (Fast-Fast,
Typical-Typical, Slow-Slow) and total of corner simulations are given in Figure 5.3

respectively.
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Figure 5.3: SAR ADC (;J;Llfjljt over PVT corners.

5.1.4 INL

Integral nonlinearity (INL) is the difference of the resulted line and the ideal line for a
full scale ramp input. INL is described as cumulative sum of the DNL array for the
ADC.

inl(i) = Zi dnl(f) (5.2)
F=1

where inl(i) is the INL at the ith code, dnl(f) is the DNL for fth codeand 1 <i <
2",
The DNL and INL are measured by applying a full scale sinusoidal input signal and

collecting the output histogram.

The given equation 5.2 depends on the DNL results. With the array of dnl are
implemented in MATLAB then the exported data from CADENCE simulation is used
for INL calculation. In addition, the Appendix B presents the MATLAB code for INL

calculation.

Total INL is usually reported as the absolute maximum value of the inl array. INL plot

of the ADC is given in Figure 5.4.
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Figure 5.4: SAR ADC INL plot.

5.1.5 INL across PVT corners

INL analysis is performed across PVT corners too. Simulation results show that the
worst case INL is just a little over 0.8LSB for some rare SS (Slow Slow) corners. INL

plots for the FF, TT, SS and total of corner simulations are given in Figure 5.5.

INL (LSB)

-0.4—
|
0 50 100 150 200 250
OUTPUT CODE

Figure 5.5: SAR ADC INL plot over PVT corners.

5.1.6 Offset error

ADC offset error is measured at mid-code output. A very slow input ramp signal is
applied and the output of the ADC is observed. The difference between common mode
voltage (1.1V) and the input voltage level at which the output code turns mid-code
plus one (127 to 128 in this case) is the offset error of the ADC. The 30 run Monte-
Carlo simulation is performed. Offset error results are presented in Figure 5.7.
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Observing offset error Monte-Carlo analysis results shows that 16 runs give 0V, 12
runs gives 2mV, and 2 runs give 4mV offset error. Mean offset error can be calculated
as 16 X0+ 12 x2mV + 2 x4mV = 533mV. Variance for the offset error is
calculated as 1.53u, standard deviation is calculated as 1.236 x 10~3and 3o sigma is
calculate as 3 x 1.236 x 1073 = 3.71mV

5.2 Dynamic Performance

SFDR, SNR, SINAD, and ENOB create the dynamic performance of an ADC. All the
dynamic specifications of the ADC are discussed in this section.

5.2.1 Simulation setup

Input voltages are given as sine waves with frequencies that allow coherent sampling.
Dynamic performances are obtained by running transient simulations allowing the
ADC to convert 64 samples of the input. Corresponding cadence calculator functions
are used in order to find dynamic performance specifications. Also, FFT of the

resulting data is plotted to visually observe the SFDR, harmonics and noise level.

5.2.2 SFDR

Spurious free dynamic range (SFDR) is measured for 500M Hz input signal in all PVT
corners for the designed ADC. The SFDR result for the 500MHz input shows the
undersampling performance of designed ADC. Worst corner SFDR result is seen in
Figure 5.6.

5
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Figure 5.6: SAR ADC SFDR for 500MHz input signal.
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Figure 5.7: SAR ADC offset voltage.
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5.2.3 SNR

Signal to noise ratio (SNR) is defined as the ratio of the signal power to the noise

power and can be formulated as

P .
SNR = —gnat (5.3)

P noise

where Pg; g4, IS the signal power and Py, is the noise power.

Signal to noise and distortion (SINAD) ratio is defined as the ratio between the signal
power and the noise power plus distortion and can be formulated as

P.:
SINAD = stonal (5.4)
Pnoise + Pdistortion

where Pgyictortion 1S the distortion power.

Effective number of bits (ENOB) has a relation with signal to noise and distortion ratio
(SINAD) as in equation 5.5. Effective number of bits is a metric for total dynamic
performance. In theory, one bit precision leads to an increase of 6.02dB in the SINAD
for data converters. It is easy to achieve the non-ideal resolution from the calculated

SINAD value by the formula given in
SINAD = 6.02 ENOB + 1.76 (5.5)

So it is obvious that one can easily be calculated when the other is known.

A table of SNR, SFDR, SINAD and ENOB versus input signal frequency at nominal
corner is given in Table 5.1.

Table 5.1: ADC SNR, SFDR and ENOB results across the input signal at PVT

corners.
Bace freauens Prime fin (Hz) SNR | SFDR | SINAD | ENOB
qUENCY | humber | (foase*prime) | (@B) | (@B) | (@B) | (bit)
) 3 868.056 K | 47.88 | 55.02 | 46.78 | 7.48
19 5497 M | 48.67 | 53.46 | 4867 | 7.79
= 289.352KHz 77 897M | 435 | 5033 | 435 | 6.93
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A table of SNR, SFDR, SINAD, ENOB versus input signal frequency at nominal
corner is given in Table 5.1.

A table of SNR, SFDR, SINAD and ENOB across PVT corners for the 500MHz input

signal is given in Table 5.2.

Table 5.2: ADC SNR, SFDR and ENOB results across the PVT corners.

Supply | Temperature SNR SFDR SINAD ENOB

Process | ) (°C) (dB) (dB) (dB) (bit)
1.71 -40 47.64 54.56 46.5 7.43

1.71 27 48 5411 46.8 7.48

1.71 85 48.15 54.72 47.29 7.56

1.71 125 49,94 58.2 48.36 1.74

1.8 -40 47.86 54,18 46.75 7.47

T 1.8 27 48.09 55.02 46.94 751
1.8 85 48.38 55.56 47.38 7.58

1.8 125 49.15 57.88 47.77 7.64

1.89 -40 47,78 53.48 46.8 7.48

1.89 27 48.5 53.81 47.13 7.54

1.89 85 4953 56.89 47,98 7.68

1.89 125 48.38 54,92 47.22 7.55

1.71 -40 47.64 54 56 46.5 7.43

1.71 27 48 5411 46.8 7.48

1.71 85 44,99 53.67 43.48 6.93

1.71 125 44.68 52.7 43.14 6.87

1.8 -40 47.86 54.18 46.75 7.47

sS 1.8 27 48 5411 46.8 7.48
1.8 85 48.02 53.36 46.8 7.48

1.8 125 45 52.99 43.25 6.89

1.89 -40 47.86 54,18 46.75 7.47

1.89 27 47.55 53.71 46.53 7.44

1.89 85 48.02 53.36 46.8 7.48

1.89 125 48.61 55.49 47.32 7.57

1.71 -40 48.06 54.63 47.07 7.53

1.71 27 48.3 54.87 47.05 7.52

1.71 85 48.97 55.35 47.43 7.59

1.71 125 49.24 56.4 47.77 7.64

1.8 -40 47.8 53.67 46.81 7.48

EF 1.8 27 48.69 55.29 47.28 7.56
1.8 85 48.38 54,92 47.22 7.55

1.8 125 49.99 575 48.28 7.73

1.89 -40 47.84 53.93 46.72 7.47

1.89 27 49.1 56.58 47.62 7.62

1.89 85 48.67 56.14 4757 7.61

1.89 125 49,93 55.86 48.92 7.84
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Table 5.3: ADC SNR, SFDR and ENOB Monte Carlo simulation results across the
input signal at PVT corners.

MC run number SNR (dB) SFDR (dB) SINAD (dB) ENOB (bit)
1 50.13 46.38 44.59 7.11
2 49.94 58.2 48.36 7.74
3 47.86 54.18 46.75 7.47
4 48.09 55.02 46.94 7.51
5 48.38 55.56 47.38 7.58
6 49.15 57.88 47.77 7.64
7 47.78 53.48 46.8 7.48
8 48.5 53.81 47.13 7.54
9 49.53 56.89 47.98 7.68
10 49.93 55.86 48.92 7.84
11 48.86 54.08 47.75 7.37
12 48.02 53.36 46.8 7.48
13 45 52.99 43.25 7.19
14 47.86 54.18 46.75 1.47
15 47.55 53.71 46.53 7.44
16 48.02 53.36 46.8 7.48
17 48.61 55.49 47.32 7.57
18 48.97 55.35 47.43 7.59
19 49.24 56.4 47.77 7.64
20 48.67 56.14 47.57 7.61

A 20 run of Monte Carlo simulation with 500MHz input signal at TT 105°C corner is
performed and results are provided in Table 5.3.

5.3 Undersampling Performance

Achieving a single-ADC for a high speed time interleaved ADC is the main purpose
of the thesis. In the high speed design, the input signal will be well beyond the
sampling frequency of the sub-ADCs. Because of this, single-ADC designs have to
show good harmonic performance under high input frequencies. It is normally

expected that the signals that are the exact multiples of the sampling frequency have
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to be undersampled around the sampling frequency. This process could be represented
as folding of the spectrum in respect to the sampling frequency on every exact multiple
of it. However, because of the cumulative folding the harmonics would increase

depending on the maximum frequency component.

Single-ADC
fin . Single-ADC
8.97MHz Single-ADC fin
76.1MHz —)|
:
[ )
Single-ADC

Figure 5.8: Undersampling method.

Figure 5.8 is created under the control of input frequency, which is calculated as in
equation 5.6. The Single-ADCs are generated by the undersampling input frequency,
which is f;;, = 76.1 MHz

fin=M x% (5.6)

1/54ns

~6— =M x 289.352KHz

fin =M X fpase = M X

fin = 8.97MHz

where M prime number is equal to 31. Due to the fact that the dynamic performance
of the designed SAR ADC for 8.97MHz input frequency is already known and the
sampling frequency is 18,5MSPS.

fin =M x 289.352KHz = 76.1MHz

where M prime number is equal to 263. The results for 897MHz and 76.1MHz

frequencies are listed in Table 5.4.
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Table 5.4: Undersampling performance.

8.97MHz 76.1MHz 2.001GHz
Frequency o (Undersampling (Undersampling
(Nyquist rate) frequency) frequency)
SNR (dB) 435 48.9 37.2
SFDR (dB) 50.33 56.53 43.78
SINAD (dB) 43.5 48.6 36.65
ENOB (bit) 6.93 7.78 5.8

As it understood from the table, the dynamic values of the ADC does not changes

linearly.

5.4 Time Interleaved Performance

When simulating the undersampling performance of the design, time interleaved
performance is also tested. To show performance of the time interleaved ADC, 9
single-ADCs run in parallel with all clock signals are shifted properly to achieve
18,5MSPS X9 = 166.5MSPS rate.

On the created Table 5.5, the time interleaved performance results are shown.

Table 5.5: Time interleaved performance.

Frequency 76.1MHz
SNR (dB) 40.78
SFDR (dB) 48.4
SINAD (dB) 40.78
ENOB (bit) 6.48

5.5 Power Consumption Performance

Table 5.6 shows the power consumption for the sub blocks of the designed ADC

Table 5.6: Power consumption performance.

Power of comparator 4.68mW
Power of DAC 4.94mW
Power of SAR logic 1.38mwW
Total Power of ADC 11mw

Total power consumption is 11mW for the whole ADC as shown in the previous table.
With the calculated power consumption, the Table 5.7 is created for comparison the
differences between some TI-SAR ADCs.
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Table 5.7: Comparison for some TI-SAR ADCs.

Talekar etal. | Akitaetal. | Kundu etal. | Fang et al. This
(2009) (2011) (2014) (2015) Thesis
Technology 180 nm 65 nm 40 nm 28 nm 180 nm
Resolution 4-bit 7-bit 8-bit 10-bit 8-bit
Speed 700 MS/s 1.5 GS/s 2.64 GS/s 5GS/s 2 GS/p
POWEr | o33mw | 36mw | 39mwW | 76mwW | 1lmw
Consumption

In the (Lee, Chandrakasan, & Lee, 2014) +1LSB INL/DNL levels are achieved at
1GSPS and SINAD is achieved 39.6dB in the (Akita, Furuta, Matsuno, & lItakura,
2011). The (Kundu, et al., 2014) achieves 39mWW power consumption for 8-bit TI-
SAR ADC. Low power structure is designed and the desired target is reached
according to results.

5.6 Figure of Merit

For data converters, a figure of merit (FOM) is defined to compare the power
performances with different precision and speed. FoM of the designed ADC is
calculated in equation 5.7.

PtOt

FoM = —————— = 2.3 pJ/conversion
2ENOB FS

(5.7)
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6. CONCLUSION

In this thesis, low power 8-bit 2GS /s TI SAR ADC architecture is designed in 180nm
1.8V CMOS process. This TI-SAR ADC is suitable to be used in portable

measurement devices.

The simulation across 36 corners and Monte Carlo analyses indicate that the TI SAR
ADC achieves DNL level of 0.3LSB, INL level of 0.4LSB, 47dB SNR, 55dB SFDR,
47dB SINAD, 7.55 ENOB at 2 GHz input frequency. It consumes 11mW power.

With the created ADC, the desired goal is achieved. The used 180nm CMOS
technology and the achieved results show the designed low power TI-SAR ADC is

compatible for portable measurement devices.
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APPENDIX A - MATLAB CODE FOR DAC INL&DNL CALCULATION

dacoutfile = 'dacinldata.csv';
A = csvread (dacoutfile);
dacout=[];

for i=1:15:size (A, 1)
for j=i:i+7
dacout=[dacout;A(j,2)];

end

end

n=8;

bincountup=dec2bin(0:2"n-1)-"'0";

FE—mmmmmmmmmmmm —————— IDEAL

DAC——=——————

for i=1:n

index (i,1)=2"(n-1);

end

deccountup=bincountup*index; S%calculate adc decimal output
1sb=(((dacout (end) - (dacout (1))))/ ((size (dacout,1)-1)));

idealout=(deccountup*lsb) +dacout (1) ;
difference=idealout-dacout;
inl=difference/lsb;

dnl=diff (inl) ;
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APPENDIX B - MATLAB CODE FOR ADC INL&DNL CALCULATION

clc
clear all

adcoutfile = './adcinldata.csv';

adcout = csvread(adcoutfile,1,1); %read sim results from file
adcout=adcout/3.90625e-3;

dnl = hist (adcout,min (adcout) :max (adcout)) /

(numel (adcout) / (max (adcout) -min (adcout)+1)) - 1;

inl=cumsum(dnl); %calculate INL
figure(1l);

plot (dnl, 'DisplayName', 'dnl', 'YDataSource', "dnl'");figure (gctf);

figure (2);
plot (inl, 'DisplayName', 'inl', 'YDataSource', "inl'");figure (gctf);
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