LOW POWER CONSUMPTION CONTINUOUS TIME SIGMA-DELTA
MODULATOR DESIGN

by
Hikmet Celiker
B.S., Electrical and Electronics Engineering, Bogazici University, 2014

Submitted to the Institute for Graduate Studies in
Science and Engineering in partial fulfillment of
the requirements for the degree of

Master of Science

Graduate Program in Electrical and Electronics Engineering
Bogazici University

2016



il

ACKNOWLEDGEMENTS

I would like to thank my parents Giilhizar and Ayhan, my brothers Fatih and
Erdem for their endless support and encouragement in all academic/nonacademic de-
cisions I made. I am very lucky to have such family that I know I will feel their love

and support in the future too.

I express my gratitude to Professor Gilinhan Diindar, my supervisor, for his
support in this study. Furthermore, his guidance was an important motivation for me
from the bachelor to the end of M.Sc. I would like to thank Assoc. Prof. Hamdi Torun

and Assist. Prof. Okan Zafer Batur for their participation in my thesis jury.

I would also like to thank Feyyaz Melih Akc¢akaya who assisted me on the research
project and this thesis. Other members of BETA also have contributions on this study
both in academically and friendly.

This thesis is supported by the research grant of the Scientific and Technological
Research Council of Turkey (TUBITAK) under the project number 111E196 and by
Bogazici University Research Fund Grant Number 10280.



v

ABSTRACT

LOW POWER CONSUMPTION CONTINUOUS TIME
SIGMA-DELTA MODULATOR DESIGN

Mobile electronic devices have important roles in our daily lives. While they
are getting smaller, their functionality is increasing. As the charge capacity of the
batteries is limited, it should be spent efficiently. Low power consumption designs

respond to high power demand of these multifunctional devices.

Data converters which act as the interface between analog and digital signals are
used in most electronic devices. There are many analog to digital converter topologies
with respect to the application type used in. Sigma-Delta ADCs are generally preferred

for low power consumption and high signal-to-noise ratio.

Type of a Sigma-Delta ADC is determined by the filter /integrator block. Differ-
ent types of continuous time integrators are presented in system level. Derivation and
detailed noise analysis of current-mode differential integrators are demonstrated in this
thesis. Feedback analysis is performed and compared with simulations. Simulation re-
sults are presented verifying theoretical results. The effect of enhancing DC gain of
the integrator on the noise is examined. It is concluded that the positive feedback in

the integrator circuit causes high noise levels.

A 2™ order CT current-mode 3-A ADC is designed and manufactured in UMC
130nm technology. Post-layout simulation and measurement results are compared.
Observed noise levels on both simulations and tests are high because of the positive

feedback effect of current-mode differential integrator used in the filter block.



OZET

DUSUK GUC TUKETIMLI SUREKLI ZAMANLI
SIGMA-DELTA MODULATOR TASARIMI

Tagimabilir elektornik cihazlarin giinliik yagantimizda onemli gorevleri vardir.
Bu cihazlar gittikce kiigiiliirken islevsellikleri artmaktadir. Pillerin yiik sigas1 kisith
oldugu i¢in verimli bir sekilde harcanmalidir. Diigiik gii¢ tiiketimli tasarimlar bu ¢ok

islevli cihazlarin yiiksek gii¢ talebine cevap vermektedir.

Analog ve sayisal isaretler arasinda arayiiz gorevi goren veri doniisturiiciiler
bircok elektronik cihazda kullanilmaktadir. Kullanilan uygulama tiiriine gore cok
analog-sayisal doniigtiiriicii topolojisi vardir. Sigma-Delta analog-sayisal dontistiirticii-

leri genellikle diigiik gii¢ tiiketimi ve yiiksek isaret giirtiltii orani i¢in tercih edilirler.

Bir Sigma-Delta analog-sayisal dontigtiiriicliniin tiirii siizgeg/integral alict blok
tarafindan belirlenir. Siirekli zamanli integral alicilarin farkl tiirleri sistem seviyesinde
sunulmustur. Bu tezde, akim kipli farksal integral alicilarin tiiretimi ve ayrintili
giirtiltii incelemesi gosterilmistir. Geri bildirim incelemesi yapilmig ve benzetimlerle
kargilagtirlmigtir. Sunulan benzetim sonuclari teorik sonuclar: dogrulamaktadir. Integ-
ral alicinin dogru akim kazancinin arttirilmasinin giiriiltii iizerine etkisi incelenmisgtir.
Integral alic1 devredeki pozitif geri bildirimin yiiksek giiriiltii seviyelerine neden oldugu

sonucuna varilmigtir.

Ikinci derece siirekli zamanh bir Sigma-Delta analog-sayisal doniistiiriicii UMC
130nm teknolojisinde tasarlanmig ve iiretilmigtir. Serim sonrasi benzetim ve Ol¢iim
sonugclar: kiyaslanmigtir. Siizgeg blogunda kullanilan akim kipli farksal integral alicinin
pozitif geri bildirim etkisi nedeniyle benzetim ve deneylerde gozlenen giiriiltii seviyeleri

yiiksektir.
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1. INTRODUCTION

Demand for mobile and compact devices has been increasing in the last decades.
The power need of multifunctional consumer electronic devices such as smart phones,
tablets, GPSs etc. is in the tendency to increase as well. One solution is to increase the
efficiency of batteries, while the other one is to reduce power consumption of devices.

Realization of low power circuits has become crucial in this content.

Analog to digital converters are key building blocks between the real world and
the digital domain of electronic devices. ADCs can be studied in two main categories:
Nyquist rate ADCs (Full-Flash, Sub-Ranging, Successive Approximation, Pipeline
etc.) and Oversampling ADCs (Delta, Sigma-Delta etc.). The main difference be-
tween these types is the ratio between the Nyquist frequency (fs/2) and the signal
bandwidth (fp) which is called oversampling ratio as in Equation 1.1. Oversampling

ADCs have high OSR values while Nyquist rate ADCs have typically less than 8 [1].

fs
2fB

OSR = (1.1)

Nyquist rate and oversampling methods can be compared as in Figure 1.1.
Graphs on the left show that the bandwidth of the anti-aliasing filter should be nar-
row and the total quantization noise is mostly in the input signal band in Nyquist
rate ADCs. Anti-aliasing filter specifications are relaxed and the quantization noise is
smaller in the signal band in oversampling ADCs as seen in the right graphs of Figure
1.1 [1]. Among other converter types, Sigma-Delta ADCs are preferred in many fields
such as sensor systems, digital signal processors, medical applications etc. because

they can achieve high signal-to-noise ratio and low power consumption.

The block diagram of a first order Sigma-Delta modulator can be seen in Figure
1.2 [2]. X(s) is analog input and Y (s) is digitized output signal in s-domain. Here, the

difference between the input and the output values is integrated and then quantized.
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Figure 1.1. Comparison of Nyquist rate and oversampling methods [1].

N(s) : quantization noise

integration N
X(s) 1 * Lowpass | X{s)
> s YO Fitter >

Figure 1.2. Block diagram of a first order ¥-A modulator [2].

(The name Sigma-Delta is coming from integration (sigma) of the difference (delta)

of signals [1].) Summation symbol after the integration represents the quantizer and

N(s) stands for quantization noise which is the difference between the integrated signal

and the output of the quantizer. Therefore, it is an error rather than an actual noise
Y (s)

source. Signal transfer function 35 is calculated assuming N (s) = 0 as in Equation
1.2.

Y(s)  1/s 1 (1.2)




Noise transfer function % is calculated assuming X (s) = 0 as in Equation 1.3.

Y(s) = —Y(s)§+N(S)
Y(s) 1 s (13)
N(s) 1+1/s s+1

As seen from the Equations 1.2 and 1.3, the signal transfer function has low-pass and
the noise transfer function has high-pass response. If the modulated signal passes
through a digital low-pass filter, the quantization noise beyond the bandwidth will be

filtered out and a signal close to the analog input will remain as seen in Figure 1.3.

Digital

Low-Pass +>
Filter

, . LL m >
N '8 N '8

Figure 1.3. Noise shaping on 3-A modulator and out-of-band noise rejection [1].

Sigma-Delta
ADC

The signal and the noise transfer functions are calculated in Equations 1.2 and
1.3 assuming the Sigma-Delta modulator is first order as in Figure 1.2. Higher order
filters can be used by cascading L integrators according to needed transfer functions
as in Figure 1.4. The denominator of the signal and the noise transfer functions will
have the term s which determines the order of the modulator and the noise shaping
as well. Number of bits of the quantizer (n) determines the resolution of the output of
the modulator which will be the input of digital low-pass filter. A comparator circuit
can be used for 1-bit quantization while full-flash ADCs can be preferred for higher

number of bits.



Integrator 1 Integrator 2 Integrator L n-bit Quantizer

X(s) 1 1 1 ;
+ s |+ S + s —>_,_l'|_ > Y(E)

Figure 1.4. Block diagram of higher order >-A modulator.

SNR of an ADC is the ratio of the power of the input signal to the power of total
noise in the circuit. Higher SNR means that the signal is converted successfully and
is less noisy. Achievable maximum SNR value with ideal components according to the

order of modulator (L), number of bits of the quantizer (n) and OSR is calculated as

below [1].

32L+1

SNR = 5—5—OSR* 12" (1.4)

™

SNRyp = 1.76 + 3.01(logx(2L + 1) — 2Llogym + (2L + 1)log;OSR + 2(n — 1)) (1.5)

Effective number of bits (ENOB) is another specification of ADCs. It shows
the resolution (number of bits that ADC can convert) of an ADC and it is directly
related with SNR. Every bit of the output contributes SNR approximately 6.02dB as

the formula below shows [1].

SNRyp — 1.76

ENOB =
6.02

(1.6)

Power effectiveness of an ADC is measured with Figure of Merit (FoM). It ba-
sically shows the energy consumed by the ADC per conversion. Definition of FoM

differs in some sources. Assuming the most power is spent on the bandwidth of the



converted signal, FoM is calculated as below.

Ptot

In Nyquist rate converters, sampling frequency( fs) is used instead of BW [1].

After determining the order and bit number of the quantizer to satisfy the re-
quirements, type of ADC should be determined. Filter block determines the type of
Sigma-Delta converter as discrete time (DT), continuous time (CT) and hybrid struc-
ture which includes both designs. Discrete time ADCs are designed in z-domain while
continuous time ADCs are designed in s-domain. Generally, discrete time designs are
preferred in 3-A ADCs. These structures are quite suitable for high frequency appli-
cations because they are not affected by clock jitter and excess loop delay. There are
some tools prepared for architectural design of discrete time circuits and this makes
design easier. Furthermore, one reason of preferring discrete time structures is that
they typically utilize switched capacitor circuits which are relatively easier to design.
However, this situation requires high supply voltage, so it has negative effect on power

consumption.

Contrary to discrete time designs, supply voltages can be lower in continuous
time designs because they do not require high voltages to switch-on sampled data
paths. This issue helps to keep power consumption of CT designs low. Another
advantage of the continuous time ADCs is their relaxed slew rates because there are
no step transitions at the input of integrators as in DT circuits which need high slew
rates. Even it is difficult to get linear operation in CT filters, the other features are
generally advantageous with respect to DT designs especially low power consumption
[1]. Furthermore, linearity problem can be solved using current-mode integrators as

used in this study.

The study in this thesis focuses on continuous time filter types in Chapter 2.
Derivation of continuous time current-mode differential integrator and its noise analysis

is discussed in Chapter 3. In the next chapter, design considerations of integrated



circuit design of continuous time current-mode Sigma-Delta modulator and layouts
are presented. Post-layout simulation results and chip measurement results are given

in Chapter 5 while the following chapter makes the conclusion.



2. CONTINUOUS TIME INTEGRATORS

The most important block of 3-A ADCs is the filter block. In continuous time
structures, integrators are used as filter blocks. Integrators have similar transfer func-
tions to low-pass filters with a pole at zero frequency ideally. There are several tech-

niques to design a CT integrator. Various methods are presented in this chapter.

2.1. Passive RC Integrators

The simplest integrator design is passive RC integrators. Circuit schematic is in

Figure 2.1. Transfer function is obtained as in Equation 2.1.

Y(s) & _ 1/RC 2.1)
X(s) R+% s+1/RC '
X(s) Cc— Y(S)
Figure 2.1. Passive RC integrator circuit.
The cut-off frequency wy of the filter is R_IC as seen from the transfer function.

Resistance and capacitance values should be high in order the pole to be at low fre-
quencies for the integrator can be used in Sigma-Delta ADCs. High resistance causes
high thermal noise which makes the integrator not appropriate for a high SNR ADC

design while high capacitance means high chip area.

2.2. Active RC Integrators

Active RC integrators are implemented as connecting a resistor to the inverting

input of an op-amp and a capacitor as feedback from the output as in Figure 2.2.



R C
+—" W\ I I
X(s) _

L+
Y(s)

Figure 2.2. Active RC integrator circuit.

Transfer function of the active RC integrator is:

(2.2)

If a low-noise op-amp with high gain can be designed, high SNR values are
achieved using active RC integrators. However, this situation is valid for lower fre-
quencies where the loop gain is high. Beside the frequency limit, op-amps with high
gain generally require high power. Furthermore, absolute accuracy of passive com-
ponents is low in some technologies and this brings difficulties in design. MOSFET'Ss
which are used as tunable resistors can solve this problem as presented in the next

section [3].

2.3. MOSFET-C Integrators

When the resistor of active RC integrator is changed with a MOSFET as in Figure
2.3, tuning become possible. Rpg resistance of the MOSFET replaces the resistor in
the active RC integrator and the time constant can be changed after the production
of circuit. The value of Rpg is inversely proportional to control voltage Vi~ when the
MOSFET is kept in linear region which means Vpg value to be small. For higher
values of Vpg, the MOSFET goes into saturation region and Ips-Vpg characteristics

change. This change causes distortion; however, this problem can be solved by using



differential structure. Transfer function of MOSFET-C integrators is same as active
RC ones as in Equation 2.2. Beside the bandwidth constraints similar to active RC
integrators, MOSFET-C integrators require high supply voltage for a wide range of
tuning [3].

Figure 2.3. MOSFET-C integrator circuit.

2.4. g,,-C Integrators

gm-C (transconductance-C) integrators are simply composed of an operational
transconductance amplifier (OTA) and a capacitor connected to its output as in Figure
2.4. Input voltage creates an output current which is integrated by an integrating ca-
pacitance and turns into output voltage. Transfer function of an ideal g,,-C integrator

can be calculated as below.

1
Vaut(S) = Iout(s) : E (2 3)
%ut(s) IOUt(S) % o Im
H(s) = Vin(s) Lut(s) 5O
gm

Any transconductance topology can be applied in the design of g,,-C integrators.

Simplified versions of amplifiers are quite suitable for this type of integrator in order to
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Vin gm VOUt

= ¢

Figure 2.4. g,,-C integrator circuit.

reach high frequencies contrary to active RC and MOSFET-C integrators. Differential

structures should be preferred for avoiding the even-order harmonics [3].
2.5. C-g,, Integrators

The last integrator type presented in this chapter is current-mode C-g,,, integrator

which can be seen in Figure 2.5 basically.

Iinﬁ h ﬁ Iout
1

Figure 2.5. C-g,, integrator circuit.

The working principle of this circuit is opposite to that of the g,,-C integrator.
Because the input is current, it fills the input capacitance and creates a voltage on

it. Then the transconductance circuit turns the input voltage to output current. The

)

name " C-g,,” comes from the operation of the circuit in this order. Transfer function
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of this integrator is found as below.

1
=71 N
Vin(s) in(8) C
[out<3) = V;n(s) 9m (2 4)
o [out 3) o V;n(s) Im _ Im
H(s) = In(s)  Val) sC

A differential version of a current-mode C-g,,, integrator is implemented and its
noise analysis is performed in the next chapter. It is also used in the design of 2"¢ order
continuous time current-mode Sigma-Delta analog-to-digital converter as presented in

Chapter 4.

Basic comparison of continuous time integrators can be seen in Table 2.1.

Table 2.1. Comparison of continuous time integrators.

Type Operating Mode Linearity Noise | Power | First Pole Freq. | Absolute Accuracy | Operation Freq.
Passive RC Voltage Good High Low Nonzero Low Wide
Active RC Voltage Good High High Zero Low Narrow
MOSFET-C Voltage Good in a limited range | High High Zero High Narrow

2m-C Voltage Good in differential mode | Low Low Zero High Wide

C-gm Current Good in differential mode | Low Low Zero High Wide
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3. CONTINUOUS TIME CURRENT-MODE C-g,,
INTEGRATOR AND NOISE ANALYSIS

Noise performance is one of the most important specifications for data converters
especially in X-A ADCs as discussed in previous chapters. Since the integrator is the
input stage of the ADC, its noise contribution to the overall system is quite important.
Derivation of the continuous time differential C-g,, integrator and its detailed noise
analysis is presented in this chapter. Calculations are compared with simulations

which are performed on Mentor Graphics ELDO with 130nm process technology.

3.1. Single-Ended C-g,, Integrator

The basic building block of the current-mode continuous-time integrator is the
current-mirror circuit as in Figure 3.1 [4]. As seen from the small-signal equivalent

circuit, this circuit behaves as a low-pass filter. Its transfer function in s-domain is

H(s) = lol®) _ —76 (3.1)

ignoring parasitic capacitances and the output resistances of transistors. AC analysis

results of the filter can be seen in Figure 3.2. Dimensions of NMOS transistors are

0.3u

57800 SO gm’s are equal to 3.10uS with 130nA bias current

arranged such that (), =

and 1.5pF capacitance.

In the current-mirror circuit, PMOS transistors can be used as bias current
sources as in Figure 3.3. Assuming ideal components and infinite output resistances
of PMOS transistors, this circuit has the same small-signal equivalent and the same
transfer function as the circuit in Figure 3.1. When the input current or voltage value
changes, transconductance of the input transistor g¢,,; changes and the circuit has

nonlinear transfer function as seen from Equation 3.1.
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Figure 3.1. Simple current-mirror circuit and its small-signal equivalent [4].
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Figure 3.2. AC analysis results of the simple current-mirror circuit.

In order to solve the nonlinearity problem, another configuration as in Figure 3.4
can be used [5]. In this case, the output branch of the integrator resembles the logic

inverter circuit. At the input branch, parallel 1/g,,; and 1/g,, resistances contribute

1
Im1+gm2

not change with the changes at the input. It requires that ¢,,1 + ¢m2 should be

an equivalent resistance. For a linear operation, the input resistance should

constant and MOSFETSs should be in saturation region. g, values of M1 and M2
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M3

Figure 3.3. Current mirror circuit with PMOS transistors as bias current sources.

transistors are calculated as below.

gmlzlun'coa:'( )n(‘/;n_‘/;fn)

(3.2)

gm2:lup'com'< )p‘(VDD_Vin_th)

N

If the coefficients of V;,, are equal to each other as below, ¢,,1 + gme Will be constant

independent from the V;,, value.

w w
Hn - Coac . (f)n = Wp - Ooa: : (f)p (33)
VDD |—’ d
M2 M4
::C Vos
M1 M3 = 3. 20,
GND r_ _1

Figure 3.4. Inverter type integrator and its small-signal equivalent.

For ease of design and calculation, all transistors are selected to have equal

transconductance g,,. In this way, two parallel 1/g,, resistances at the input branch



15

contribute an equivalent 1/2g,, resistance and total 2¢,,v5¢ current flows at the output.

AC analysis results of the circuit can be seen in Figure 3.5 which has transfer function

in s-domain as in Equation 3.4. Dimensions of PMOS transistors are arranged as (%)p
= % for 130nA bias current and 3.10uS transconductance. Other components are

same with the circuit in Figure 3.1.

Ve Y1 : — Y1
190.0 5.0 | B dbaov2y)
J 1 [179.99967| o
180.0 | 0.0 —k ~ ] -2.05110 = Y2
170.0_ 501 A 02838 I 4 B cphase(t2)
. [}
1600 _jpo] |
1500 e i
— | R ! 135.00000
o M0 00 I
z 1= ] [
¢ 0 20 |
o 200 2 ]
= S -30.0— |
Z o 2 ] i
Saoo | o
2 = a0 |
£ o = 1 !
450
80.0 ] 1 !
o -500— |
goo—|  -550— |
soo0_ |  -60.0-] |
. [}
ool ey S
to L ZATAN 000 300 ok 3 gpok ¥ 1000k 29 {omes 7 to.omes 20 100.0mMed ™ 1.
Freayency (Hz)
[CZ 604 .96148K (dx = 604.95790K)

Figure 3.5. AC analysis results of the inverter type integrator circuit.

3.2. Noise Analysis of Single-Ended C-g,, Integrator

Thermal noise of the MOSFET should be studied in detail to make a complete
analysis. A MOSFET creates thermal noise due to its resistive channel. This channel
noise can be represented by a current noise source di%,¢ as in the Figure 3.6. The
effective channel resistor Rop is equal to 29% [3].

Current noise can be calculated as below where k is the Boltzmann constant and
T is the absolute temperature which is typically 300K [3].

4kT

- 2
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2
dve® Rg
T2
Vin VGS rDS dIDs \{)ut

9s

Figure 3.6. Noise modelling of MOSFET [3].

Here, R is the poly gate resistor caused by the extension of the Gate line outside
the active region. Because the analysis is made on the schematic of the circuit, R is
ignored in our calculations. Therefore dv? is zero according to formula in Equation

3.6 3.

dv, = 4kT Redf. (3.6)

The channel noise current is reflected to input voltage by dividing current noise

by gm (g2, for power). Equivalent input noise model can be seen in Figure 3.7.

—EO—VW\—, s
in VGs I \{Jut

DS
ngGS

Figure 3.7. Equivalent input noise model [3].

dv?

ieq

— AKT R, ;df (3.7)
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2/3
Repy = 2/3 + R¢ (3.8)

m

Input branch of the inverter type current-mode integrator is in Figure 3.8. Tran-

—|: Voo

M1 |— — C.
I

Figure 3.8. Input branch of the inverter type current-mode integrator.

sistor sizes should be selected for g,,; and g,,2 to be equal in order to get a linear

operation. Because the noise sources are uncorrelated, current noises can be added.

— 2
diz?n = 4kT§ (gm1 + Gma)df (3.9)

There are two diode connected MOSFET's in parallel, so the equivalent input resistance
is

1 1

~ (3.10)
ml + gm2 gm1 + gm2

Rinzrol//TOQ//g

while output resistances of transistors are very large. Therefore, equivalent input noise
can be found by multiplying current noise with R? as below.
2

dv? =4kT—— = ¢ 3.11
= T ) (3.1
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Single-ended part of the integrator is seen in Figure 3.4. Here, the current noise
at the input branch is multiplied by the square of current gain and added to the current
noise at the output branch. Then, multiplying that value with square of the output
resistance gives the equivalent voltage noise at the output. Dimensions of M; = Mj
and My = My, SO Gmi = Gm3, Gm2 = Gma and the current gain A, is approximately

equal to 1.

m=c

di2, = di2 A% + 4I<:T3(gm3 + Guma )df
(3.12)

= 4sz

3 (gml + gm2 + 9Im3 + gm4)df

Since the output resistance R,y is equal to 7,3/ /7,4, output voltage noise can be

obtained as below.

= 4sz

R2
5

out

d/Uout - dl 9mi1 + 9m2 + 9m3 + gm4)(ro3//ro4)2df (313)

out

Noise simulations are performed with the same dimensions of the components

such that (%)p = %, (%)n = 50;’5‘; so all g,,,’s are equal to 3.10uS and 7., = 222MX(2,

Ton = 63MS2. When these values are used in Equations 3.11 and 3.13, the results will

be as below.

- 2
dv? =4-1.38-107%-300 - df ~ 1.78fV?/H 3.14
in 33100+ 31007 /Hz (3.14)

dv?, =4-1.38-1072.300- 3(4 3.100)(63M/ /222 M )*df ~ 329.68pV?/Hz (3.15)

Noise simulation results for the circuit in Figure 3.4 can be seen in Figure 3.9.

Comparison of calculations and simulation results are given in Table 3.1.
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I nin

I rout

Figure 3.9. Noise simulation results for input and output nodes of the circuit in

Figure 3.4.

Table 3.1. Comparison of calculation and simulation results for the noise analysis of

the circuit in Figure 3.4.

Noise | Calculation Simulation
dvi | 178fV%/Hz | 1.75 fV?/Hz
dv?, | 329.68 pV?/Hz | 328.72 pV?/Hz
3.3. Differential C-g,, Integrator

Differential current-mode integrator can be built by cascading two single-ended

integrators with the output of the second stage fed back to the input summing node

of the first stage as in Figure 3.10. In order for the current to pass to the next stages,

current-mirror circuits with the same aspect ratio can be used as output stages of the

integrator (Mj11 and Mags in the figure). This type of configuration has been proposed

in [6-8].

Block diagram of the differential current-mode integrator is shown in Figure

3.11 [4]. Hy and Hj are transfer functions of the single-ended integrators which have
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Figure 3.10. Differential current-mode integrator [4].

been calculated in Equation 3.1. Output currents of the cross-coupled integrators
are added to the input currents of each other. Assuming both integrators have the
same transfer function H and all transistors are matched such that they have equal
transconductance g,,, transfer function of the differential current-mode integrator in

s-domain is calculated as below [4].

Loutn = Hl(iinp + ioutp)

ioutp = HQ(iinn + ioutn) (316)
Hy—Hy— H—=—9m_
! 2 gm + sC

Replacing H and 4,4, in the first formula yields:

ioutn - H(Zmp + H(Zznn + ioutn))
Loutn =
! 1— H?

(3.17)

In a similar manner, i, becomes:

ioutp = H(Zznn + H(Zznp + Z‘outp))

Loutp = 1 — H2




21

Then, differential current transfer function becomes:

B Ginp(H? — H) — tjpn(H* — H)

iout - ioutn -
P 1— H?

) . m 3.19
Zoutp — loutn o H2 - H —-H gmg+sC o g_m ( )

iimp — fimn L= H2 1+ H 9255Cgn 4O

gm+sC
linp(S) + )| Ha(s)

ioutp(s) ¢

> lou tn(s)

iinn(s)

Figure 3.11. Block diagram of the differential current-mode integrator [4].

Comparing Equations 3.1 and 3.19, it is seen that the pole is moved to 0 Hz fre-
quency with differential structure assuming ideally matched g,,’s and ignoring output
resistances (r,) of transistors. When the output resistances of transistors are consid-
ered, small-signal model of the single-ended integrator in Figure 3.1 is changed as in
Figure 3.12. Here, Ry is load impedance which is the input impedance of the other
integrator because the integrators are cross-coupled to each other. Calculation of the
transfer function of differential integrator with output resistances taken into account

is the same as in Equations 3.16 to 3.19 except that:

—Gm To

- Gm + sC ro+ Ry (3.20)
1 1 1
Ry=—/)/—=—— 3.21
L SC//gm gm + sC ( )
Substitution Equation 3.20 into Equation 3.19 yields:
toutp — fowtn ~ H*— H —H I
P - c (3.22)
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Figure 3.12. Small-signal equivalent of the single-ended integrator with output

resistance.

AC analysis results of the differential current-mode integrator can be seen in

Figure 3.13.
2 71 Shp
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Figure 3.13. AC analysis results of the differential current-mode integrator.

3.4. Noise Analysis of Differential C-g,, Integrator

Noise analysis of differential current-mode integrator is different from the single-
ended one. In the literature, the input referred noise power for differential current-
mode integrator is calculated as below where Ny, is the number of transistors adding

noise to the signal [4,6].

2
diZ, = AKT 3 9., Novdf (3.23)
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However, the analysis in this section with the simulation results show that in order
to calculate noise of differential integrator, the positive feedback should be taken into
account. In order to make a straight feedback analysis, the loop should be broken
and the remaining two cascaded single-ended integrators should be examined as in
Figure 3.14. Since there are two diode connected MOSFETs My and Mg at the middle
Ry |

node, Rpq ~ | and Rou [ror//res] values are same with the

1 1
gm5+gme Im1+gm2

previous ones. Transistors again have same dimensions and g,,s, so the current gain
A, is approximately equal to 1 for both stages. Current and voltage noise calculations

are as below.

— 2
- 9 _
diz,q = diz, AZ + 4kT§(9m3 + Gma + Gms + gme)df =~ 3di2, (3.25)
_ 9 _
di2,, = di2 ;A2 + 4I<:T§(gm7 + Gmg)df =~ 4di?, (3.26)
a0l — AT 2 df (3.27)
" 3(gm1 + gm2)
Qg = disigRia = 4kT#df (3.28)
(Gms + Gme)
— =5 8
dv,, = di,,R2,; = 4kT§(9m7 + gms) (ro7/ [To8) df (3.29)

Simulations are performed with the same conditions and same dimensions of

components used in the circuit in Figure 3.4. When those g,, and output resistance
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Figure 3.14. Two current-mode integrators in cascade.

values are used in Equations 3.27, 3.28 and 3.29; results will be as seen below.

2
3(3.10 + 3.10p)

dvZ =4-1.38-107%.300 - df ~ 1.78fV?/Hz (3.30)

S 2
dv? ., =4-1.38-107%-300 - df ~ 5.34fV?/H 3.31
Umid (3104 + 3.10p) f /Hz (3.31)

: 8
dvZ,, =4-1.38-107%%-300 - —(3.10p + 3.10p)(63M //222M)*df
3 (3.32)
~ 659.35pV?*/Hz

Noise simulation results for the circuit in Figure 3.14 can be seen in Figure 3.15.

Comparison of calculations and simulation results are given in Table 3.2.

Feedback loop should be closed as the next step of the noise analysis of current-
mode differential integrator. Schematic of the circuit can be seen in Figure 3.16 whose

block diagram is given in Figure 3.11. There are two identical integrators with voltage
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Figure 3.15. Noise simulation results for input, middle and output nodes of the

circuit in Figure 3.14 respectively.

gain A, are cascaded and input is fed back from output for the feedback gain 3 to

be equal to 1. The total voltage noise at the output node is the noise contributed by

middle node plus the noise contributed by input node.

It should be noted that A, is approximately -1V /V and its exact value is taken

from the simulation as -0.056dB with -180° phase which is equal to -0.993V/V as seen

from Figure 3.17.

Table 3.2. Comparison of calculation and simulation results for the noise analysis of

the circuit in Figure 3.14.

Noise | Calculation Simulation
dvi | 178 fV%/Hz | 1.75 fV%/Hz
dv,, | 5.34 fV?/Hz 5.22 V2 /Hz
dv?, | 659.35 pV2/Hz | 652.12 pV?/Hz
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Figure 3.16. Circuit schematic of the differential current-mode integrator.
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Figure 3.17. AC analysis results for voltage gain A,.

B dbov(NODE_B)

Because the circuit is symmetric, the noises caused by the transistors at input

node and at middle node are equal and can be calculated as done in Equations 3.27

and 3.28 (Because these are not total noise at those nodes, they are shown with N to

avoid confusion) as below.

AN2 . = 4kT

2 <9m3 + 9ma + Gms + gmﬁ)

3

_ 2
CRET df = 3.56fV2/Hz

(3.33)
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g (gml + gm2 + 9m7 + ng)
3 (gml + gm2)2

dN2 = AkT df = 3.56fV?/Hz (3.34)

Loop gain should be determined to find the closed loop gain.

Loop Gain = A,y - Ay - 8= A28 = A2 = (—0.993)? = 0.987 (3.35)

Closed loop gain from input to output is calculated.

A2 0.987

A = —
T A2 1-0.987

~ T5.92V/V (3.36)

Closed loop gain from middle node to output is calculated.

A, —0.993
A, = = ~ —T76. .
m-o = T A 120087 76.38V/V (3.37)

Total voltage noise at the output node is calculated as below.

dUQ = szzn ’ Az?—o + dN'r?ud ’ A72n—o

out
=3.56-107"-75.922+ 3.56 - 107*° - (—76.38)? (3.38)

= 41.29pV?/Hz

dv? ., is equal to dvZ, because of the symmetric structure of the circuit. Simu-
lation results can be seen in Figure 3.18. Comparison of calculations and simulation

results are given in Table 3.3.
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Figure 3.18. Noise simulation results for both nodes of the circuit in Figure 3.16.

Table 3.3. Comparison of calculation and simulation results for the noise analysis of

the circuit in Figure 3.16.

Noise | Calculation | Simulation
dv? | 41.29 pV?/Hz | 41.23 pV?/Hz
41.29 pVQ/Hz 41.23 pVQ/Hz

3.5. DC-Gain Enhancement Resistor and Its Effect to Noise

DC-gain is an important factor for integrators [5,9]. An ideal integrator should
have infinite gain at zero frequency as shown in Equation 3.19. In order to increase
DC-gain, a tunable resistor Ry can be used in cascode current-mirror based differential

current-mode integrators as in Figure 3.19 [10].

DC-gain enhancement technique in Figure 3.19 can be applied to inverter type
current-mode integrators as in Figure 3.20. Because there is no cascode structure and
the middle of the resistor Ry behaves as virtual ground, that resistor can be divided

into two parts and connected between supply nodes and sources of the MOSFETSs as

R. [11].
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Figure 3.19. Cascode current-mirror based integrator with tunable resistor Ry [10]
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Figure 3.20. Differential integrator with enhancement resistors [11]

The effect of enhancement resistors to the differential current gain can be seen
in Figure 3.21. Simulations are made with the same transistor sizes and R, values are
selected to be 50082, 75082, 10002 and 1173€2. Bigger resistors move the pole to the

lower frequencies therefore increase the DC gain of the integrator. Integrator shows
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more ideal behavior with these enhancement resistors, therefore A, is closer to -1V /V.
For 50012 R,, its exact value is taken from simulations as -0.03246dB with -180° phase
which is equal to -0.996V/V which can be seen in Figure 3.22.
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Figure 3.21. Differential current gain for different R, values.
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Figure 3.22. AC analysis results for voltage gain A, with 50012 R..

Resistors R, are in series with the 1/g,, resistors in the T-model of the MOSFET.
Because the value of R, (a few hundred Q) is very small compared to 1/g,, (a few

hundred thousand (2), they can be ignored while calculating the noise. Therefore,
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the same equations (3.33 to 3.38) can be used for noise calculation except that A, is

changed to -0.996V /V.

9m3 + 9ma + 9gms + gmG)

——— 2 (

dN2 . = 4kT= df = 3.56fV?/Hz 3.39
mid 3 (gm5 + gm6)2 f / ( )

S 2

INT = a2 Ot F Gmz & It + Gms) (g sy, (3.40)

3 (gml + gm2>2

Loop gain with enhancement resistors is calculated first.

Loop Gain = A,y - Ay - B = A2 3= A% = (—0.996)? = 0.993 (3.41)

Closed loop gain from input to output is then calculated.

A2 0.993

Aifo = =
1— A2 1-0.993

~ 133.29V/V (3.42)

Closed loop gain from middle node to output is obtained as below.

A —0.996
Ao = = ~ —134. A
T2 T Toog0s © oAV (3.43)

Total voltage noise at the output node is calculated as in Equation 3.44.

dv,, = dNZ, - A}, +dN2,, - A%
=3.56-107"" - 133.29°4 3.56 - 10~ '* - (—134.88)? (3.44)

= 128.01pV?/Hz
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Table 3.4. Comparison of calculation and simulation results for the integrator with

enhancement resistors R, 500¢2 for both nodes.

Noise | Calculation

Simulation

128.01 pV?/Hz

125.70 pV?/Hz

128.01 pV?/Hz

125.70 pV?/Hz

dv? .. and dv?,, are equal because of the symmetric structure of the circuit. Sim-

ulation results can be seen in Figure 3.23. Comparison of calculations and simulation

results are given in Table 3.4.
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Figure 3.23. Noise simulation results of the integrator with enhancement resistors R,

50012 for both nodes.

A theoretical noise analysis for differential current-mode integrators has been

performed step-by-step and confirmed with simulations. It can be concluded that the

positive feedback in current-mode differential C-g,, integrators cause high noise levels.

Furthermore, there is a trade-off between the noise performance and the improved

DC-gain of the integrator achieved with enhancement resistors. The results should be

considered in the design of current-mode differential integrators.
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4. 1C DESIGN

A 274 order continuous-time current-mode differential ¥-A modulator is designed
using UMC 130nm process technology. The layout is designed and the chip is fabri-

cated. Design considerations of the modulator is presented in this chapter.

Block diagram of the modulator is given in Figure 4.1 [12]. The system has
two integrators with integrating coefficients k; and ks are chosen to be 0.55 to obtain
maximum SNR value according to previous studies in the research project [11]. Their
inputs and outputs are fully differential currents as presented in the previous chap-
ter and output currents are added via a current adder circuit. This total current is
converted to voltage via current-to-voltage gain stage and its output is given to the
output through a comparator and a latch circuit. Depending on the digital value of
output, feedback current is added to or subtracted from the input via a DAC circuit.
In our design, OSR is selected to be 128 for 6.4MHz sampling frequency (fs) and
25KHz bandwidth according to the formula in Equation 1.1.

>

K1 K2

Iin % —>|> FSS C/V | _tr»out

+— feedback current

L 4
L 4

Figure 4.1. Block diagram of current-mode ¥-A modulator [12].

4.1. Integrator Circuits

Circuit schematic of the current-mode differential integrator which is used in

Y-A modulator is given in Section 3.3. At the system level, the relation between the
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integrating coefficient and transfer function of the integrator is in Equation 4.1 [4].

_Kf,

H(s) .

(4.1)

For a proper operation of the modulator, system level transfer function (Eq. 4.1)

should be equal to the circuit level transfer function (Eq. 3.19) which yields

_kfs _ gm
H=7 "0 (4.2)
kfo =22

where C' is the integrating capacitance and g, is the equivalent transconductance of

MOSFETs.

Circuit schematic of the differential current-mode integrator is given in Figure
4.2. Tt is the schematic of the first integrator in the modulator. The output stages of
the integrator which are formed by My, My and M, M, transistor pairs as inverters
are used to feed the inputs of the second integrator. Because the second integrator

does not drive any other stages, it dose not have output stages as in Figure 3.16 [4].

V, V V. V \% V.

DD DD DD DD DD DD

M12 ’] M8j|— -I[MG . M2j|— -I[M4 ﬁ .
}—I |v|7:]|— — —Il:MS o Ml(:]H ﬁ:c —Il:M3 [{ M9

M10

outp

Figure 4.2. Circuit schematic of the first integrator.

In the circuit level design, firstly g, values of NMOS and PMOS transistors

should be matched in order to get a linear operation. Width (W) and channel length
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(L) values of transistors can be set by parameters in order to change easily in SPICE.
In order to keep power consumption of the modulator low, drain currents of transistors
are aimed to be around hundred nanoamperes where the value of Vpp is selected 0.75V.
In this purpose, dimensions of MOSFETSs are arranged such that (%)p = %, (%)n

= %, so all g, values are equal to 3.10uS.

After determining the equivalent g,, value of the integrator, integrating capac-
itance value should be chosen for £k = 0.55 and f, = 6.4MHz. C value should be
chosen such that the differential gain of the integrator at the sampling frequency is
2 (Because the unit of s in Equation 4.2 is rad/s). Ignoring the gate capacitances of
MOSFETSs, C' value is calculated as 1.76pF according to the formula in Equation 4.2.
However, the real value of the integrating capacitance is chosen through simulations.
The capacitance is set to 1.5pF after making sweep analysis for C' value around 1.76pF.

AC analysis results for 1.5pF integrating capacitance can be seen in Figure 4.3.
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Figure 4.3. Simulation results for differential gain of integrator.

Layout designs of integrators can be seen in Figures 4.4 and 4.5. Layouts are
designed to be symmetric as possible in order to reduce the DC offset and harmonic
effects. Integrating capacitors are not shown here, they can be seen in the layout of
the whole circuit in next sections. Post-layout simulation results of the integrators

for TKHz sinusoidal differential 90nA input current is given in Figure 4.6. When the
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feedback loop is closed, kickback noise occurs in the input currents of the integrators
as seen in the first and third graphs. This kickback noise does not create an important
problem because it occurs in both differential nodes. Taking difference of the differen-
tial signals eliminates the glitches. In the second and fourth graphs, voltage variations

at the input nodes of integrators is seen.

VDD

" e

Figure 4.4. Layout of the first integrator.

4.2. Current Adder

Output currents of the integrators are added via a current adder circuitry. Sche-
matic of the circuit can be seen in Figure 4.7. Working principle of this circuit is
similar to the inverter type single-ended integrator in Figure 3.4. The difference is
that the input current fills Csg capacitors of MOSFETS instead of a big integrating
capacitance. The capacitors at the gate of the MOSFETSs are filled with input currents
and create an AC voltage Vzg. Due to the transconductance of MOSFETS, that Vg
voltage turns into current at the output of the current adder circuit. Here, g,, values
of PMOS and NMOS transistors should be equal as possible in order to get a linear

operation similar to single-ended inverter type integrator circuit.
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Figure 4.5. Layout of the second integrator.
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Figure 4.6. Voltage and current variations at the input nodes of integrators.
Transient analysis results of input and output currents of current adder circuit

are seen in Figure 4.9. It can be observed that output currents are proportional with

37



Figure 4.8. Layout of current adder circuit.
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Figure 4.9. Current variations on inputs and outputs of current adder circuit.

input currents. Furthermore, with the help of g,, of the circuit, the difference between
differential outputs becomes more distinct when the difference between differential
input current values is bigger. The effect of kickback noise can be observed because

the loop of X-A modulator is closed.

4.3. Gain Stage

Differential output currents of current adder circuit should be compared with
each other in order for ¥-A modulator to give digital outputs. A current-to-voltage
converter and a voltage comparator are used as current comparator in this study. Small
differences of input current values should be detected sensitively in a »-A modulator.

Current-to-voltage conversion is quite important in this purpose.

Schematic of the gain stage circuit used in current-to-voltage conversion can be
seen in 4.10 [13]. There is a source follower structure as input stage, therefore the input
resistance is approximately 1/g,, where the transistors have the same transconductance
value g,,. Applying feedback to the gates is another advantage of using source followers
as input stage. CMOS inverter provides a positive feedback such that small voltage

variations are amplified to high levels and the voltage difference between input and
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output nodes is distinct.

VDD
M2 M4
—> Voltage
Output
> "
M1 M3
GND

Figure 4.10. Schematic of gain stage circuit [13].

N VDU
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Figure 4.11. Layout of gain stage circuit.

Transient analysis results for input and output voltages of gain stage circuit with
the layout as in Figure 4.11 can be seen in Figure 4.12. Input current variations are
given as output currents of current adder circuit in Figure 4.9. It is observed that the
small difference at the input currents creates high voltages at the output thanks to

the low input and high output resistances of the structure.
4.4. Comparator and Latch

The last step of current-mode ¥-A analog-to-digital conversion is digitizing the

output voltages of the current-to-voltage gain stage. Since the design in this study
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Figure 4.12. Voltage variations for input and output of gain stage.

has one bit digital output, a one-bit quantizer is used. It is composed of a dynamic
comparator and an SR latch circuit as shown in Figure 4.13 [14, 15]. Here, C'1 is the
clock signal which has 6.4MHz sampling frequency with 1.2V voltage value. When the
clock signal is digitally low, both P and () are pulled to Vpp value. While the clock
signal C'1 becomes high, the voltages of P and ) nodes tend to drop with different
rates depend on the input voltages. Cross-coupled inverters help to keep voltages apart
from each other. The duty of the SR latch is keeping output values constant until the

next clock signal comes.

“|E|:||— —C - AT dACIR
I H o
Do e br i, p

SO La

1

Figure 4.13. Schematic of the comparator and the latch circuit [14].
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Because this is a digital circuit, Vpp value is selected as 1.2V for proper and faster
operation in UMC 130nm process technology. Vpp of the digital parts can be seen in
layouts as V DD _high. Design of the layout should be quite symmetric as in Figure
4.14. Errors at the output bit due to the input referred offset can be minimized in this
way. In order to get output from the chip via the oscilloscope, a buffer big enough
to drive the probe is needed. A buffer circuit is designed such that two inverters are
cascaded as in Figure 4.15. The first inverter is designed bigger than the output stage
of the latch circuit and the size of the second inverter is double the first one for better

logical effort [16].

Lk

(D _high

Jtp_f inal

Nl . ut 03

N_GND

Figure 4.14. Layout of the comparator and the latch circuit.

Figure 4.16 shows transient analysis results of the latch circuit. V(OUT_P)
and V(OUT_N) are differential input voltages of the comparator circuit. The out-
put of the latch circuit is V(OUT_P_LATCH) and the output of the buffer stage is
V(OUT_FINAL). It can be observed that when the P node has a larger voltage value
than the N node, positive output of the latch gives logical high value. Another effect
of the buffer stage is getting rid of the kickback noise seen as glitches in the third

waveform.
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Figure 4.15. Schematic of the buffer circuit.
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Figure 4.16. Simulation results for inputs and outputs of the latch circuit.

4.5. Current Feedback DAC

Input of the first integrator of Sigma-Delta ADC is the difference between the
input current and the feedback current as shown in Figure 4.1. According to the
digital value of the output bit, the feedback current is added to or subtracted from
the input current. Schematic of the DAC circuit is on Figure 4.17 [4,11]. Rp;qs resistor
between the drains of diode connected MOSFETs M1 and M2 determines the value
of bias current (Ip;,s). Value of the Ry;,s resistance is selected in the Megaohms range

in order to keep the bias current in Nanoamperes range. Bias current determines the
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range of input signal value and the power consumption of the DAC circuit. I, is
mirrored with the same sized PMOS (M2, M9 and M10) and NMOS (M1, M3 and
M4) transistors. When the positive output of the latch circuit is digital high, M8
turns off, M7 turns on and the total current of M9 and M 10 flows through the branch
of M7 and M5. Since M3 and M4 are biased with the same Vg value with M1, Iy,
flows on both of them. Therefore, 21,5 coming from the branch of M7 and M5 is
divided into I;,,, and I3 equally as Ij;,s. The opposite happens when OUT'_N is high
and OUT _P is low.

7 l(J [ Voo
M2 I | M9 | M10

= |

wmﬂtm7 mjkwm
R s [ we

linné—— = linp

v || M3%j{ IRZ

GND

Figure 4.17. Schematic of current feedback DAC circuit [4,11].

Simulation results of feedback DAC circuit is seen in Figure 4.19. When the pos-
itive output of the latch circuit V(OUT_P_LATCH) is digital high, feedback current
is subtracted from P input I(FB_P) and added to N input I(FB_N). Value of the
feedback current is close to 130nA because the circuit is designed for bias current to

be 130nA.
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Figure 4.18. Layout of current feedback DAC circuit.
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Figure 4.19. Simulation results of current feedback DAC circuit.
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5. RESULTS

Post-layout simulation results of the current-mode continuous time Sigma-Delta

modulator and measurement results of the produced chip are discussed in this chapter.

5.1. Post-Layout Simulation Results

Layouts of the components of the current-mode continuous time Sigma-Delta
modulator are presented in Chapter 4 separately. The whole layout of the circuit
including the bias resistor and integrating capacitors in UMC 130nm technology can
be seen in Figure 5.1. Dimensions of the layout are 135um x 175um, where more
than half of the area consists of capacitors and resistors. In order to minimize distor-
tions stemming from the production of the chip, layouts of the components should be
designed in common-centroid structure (especially integrators for improving g,, match-
ing) [4,17]. Allowable area for the circuit is limited because there are other types of
Sigma-Delta converter circuits in the tape-out with 1.5mm x 1.5mm dimensions for the
same research project as shown in the next section. Therefore, the layout is designed
as symmetric as possible with respect to vertical axis in order to avoid production

distortions and minimize input referred offset.

After the layout is completed and SPICE parameters are extracted, transient
analysis simulations are performed on ELDO of MENTOR Graphics. Vpp of analog
components are set to be 0.75V and digital ones including the clock signal have 1.2V
as Vpp_high. Differential and sinusoidal input currents have 90nA amplitudes and
TKHz frequency while the sampling frequency f is 6.4MHz. Differential input signals
and output of the ¥-A modulator for some time interval can be seen in Figure 5.2.
It is observed that the frequency of logic high values at the output is high while the
input current difference I(INP) - I(INN) difference is high, and vice versa.

In order to examine the SNR and harmonic effects of the ¥-A modulator, Fast

Fourier Transform (FFT) algorithm is used. The more data points taken from the
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Figure 5.1. Layout of the current-mode continuous time Sigma-Delta modulator.

transient analysis, the more accurate FFT graph is acquired. 65536 data points is
taken in approximately 11ms time interval for 6.4MHz sampling frequency. FFT and
SNR calculations are made using MATLAB for 25KHz bandwidth. In Mentor Graphics
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Figure 5.2. Differential input signals and output of the Sigma-Delta modulator.

ELDO software, simulations can be performed including or excluding the transient
noise effects of active devices. Figures 5.3 and 5.4 show FFT results for pre-layout
simulations of the Sigma-Delta modulator without the noise effects and including the
transient noise respectively. Post-layout FF'T results of simulations are in Figures 5.5
and 5.6. In order to see the noise effects on FFT clearly, post-layout simulation results

on Figures 5.5 and 5.6 are superposed on Figure 5.7.

Comparing the FF'T results with and without layout effects, SNR values are quite
similar. However, including noise effects of the active devices decrease SNR around
8dB in both pre-layout and post-layout simulations. Furthermore, the third harmonic
observed in the pre-layout simulations does not appear in the post-layout simulations.
Shaping of the quantization noise in the post-layout simulations is closer to an ideal

second order system (40db/decade slope).

SNR of designed continuous time current-mode Sigma-Delta modulator including
the noise effects and layout parasitics is 60.4dB which corresponds to 9.74 ENOB

according to formula in Equation 1.6. There are two power supplies for analog and
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Figure 5.3. FFT of the pre-layout simulation results of the Sigma-Delta modulator
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Figure 5.4. FF'T of the pre-layout simulation results of the Sigma-Delta modulator

with transient noise.
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with and without noise effects.

digital parts of the circuit separately, therefore total power consumption is sum of
powers of two sources. Figure 5.8 shows the average current sunk by two power

supplies. Total power consumption is calculated below.

Ptot = VDD ' Iangdd + VDDhigh : Iangddhigh (5 1)

=0.75-8.865-107%4+1.2-3.795- 1075 = 11.2034W

Figure of merit(FoM) of the continuous time current-mode Sigma-Delta modu-
lator designed in UMC 130nm technology is calculated according to Equation 1.7 as

below.

11.203uW
2974 . 2. 25KH7

FoM = = 262fJ /conversion (5.2)

One objective of this thesis is comparing the results of similar designs in different

process technologies. FFT results of the continuous time current-mode Sigma-Delta
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Figure 5.8. Average current values of two power supplies for the design in UMC

130nm.

modulator produced in the previous tape-out with UMC 180nm technology with same
input signal, fs;, OSR and BW is in Figure 5.9 [11]. SNR value is 55.9dB and ENOB
is 8.99 as calculated with MATLAB.
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Figure 5.9. FFT of the Sigma-Delta modulator designed in UMC 180nm with noise

effects.
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Vpp for analog parts of the modulator in UMC 180nm is 0.8V. According to
the average current values of the Vpp and Vpppign sources as in Figure 5.10, power

consumption is calculated as in Equation 5.3.

Ptot = VDD : Iangdd + VDDhigh : Iangddhigh

(5.3)
=0.8-6.446-107% +1.2-3.124-107% = 8.906 W
¥l
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Figure 5.10. Average current values of two power supplies for the design in UMC

180nm.
FoM value of the design in UMC 180nm process is as in Equation 5.4.

8.9061W

FolM —
© 2899 .9 . 95KHz

= 350fJ /conversion (5.4)

Comparison of the design in this study using UMC 130nm technology, the previ-
ous one using UMC 180nm technology and other Sigma-Delta ADCs in the literature
with similar technology and signal bandwidth is given in Table 5.1. Even the design in
this study has higher Figure of Merit, power consumption is quite low with respect to
other designs in the literature. The reason of high FoM is high noise level caused by

the positive feedback effect of the differential current-mode integrators as presented in

Chapter 3.
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Table 5.1. Comparison of designs in this study with the literature.

3-A ADC Technology | Type | BW | OSR | Power | SNR FoM
This study 130nm CT | 25KHz | 128 | 11.2uW | 60.4dB | 262fJ/conv.
Previous study 180nm CT | 25KHz | 128 | 8.9uW | 55.9dB | 350fJ/conv.
[18] 180nm CT |24KHz | 64 90uW | 92.5dB | 54f]/conv.
[19] 90nm VCO | 20KHz | 85 | 0.44uW | 47.4dB | 57f]/conv.
[20] 130nm DT | 20KHz | 48 34uW | 81dB | 92f]/conv.
[21] 130nm CT |20KHz | 64 |28.6puW |80.1dB | 97f]J/conv.
[22] 180nm DT | 20KHz | 100 | 860uW | 84dB | 1.66pJ/conv.

5.2. IC Measurement Results

Layout of the designed continuous time current-mode Sigma-Delta ADC is pro-
duced in UMC 130nm process technology with the other ADCs in the same tape-out
within the same research project. Layout of the whole IC is seen in Figure 5.11. 2"
order CT current-mode »-A ADC shown in Figure 5.1 is enclosed by a blue rectangle.
Other designs are 3-bit feed-forward 2" order ¥-A ADC, 2-1 MASH %-A ADC, hybrid
ADCs (on the same layout with different opamps), 3-bit feed-forward 2"¢ order X-A
ADC (with different coefficients than the top left design) and 2"¢ order feed-forward
3-A ADC in clockwise order.

The test PCBs designed for all circuits in the produced IC can be seen in Figure
5.12. Banana plugs are used for connecting power supplies while SMA sockets are used
for clock and signal connections. Microfarad scale capacitors are connected between
the supply nodes and ground in order to minimize the noise effects coming from the
power supply devices. Because the lack of the current signal generator in laboratory,
tests of current-mode circuit is performed disconnecting the inputs. Noise level of
the circuit can be observed in this way. Voltage signal generators in the laboratory
does not generate differential signals, therefore tests of the voltage-mode circuits are
performed connecting one input to common-mode DC value and AC voltage signal to

other one. Laboratory environment during the tests of ICs can be seen in Figure 5.13.
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Second order continuous time current-mode Sigma-Delta ADC

Figure 5.11. Layout of the produced IC.

Twenty of the produced chips are in JLCC68 (Ceramic J-Leaded Chip Carrier
with 68 pins) package. In the tests of continuous time current-mode Sigma-Delta ADC,
analog 0.75V and digital 1.2V Vpps are supplied with a power supply device. Clock
signal is given using a square wave generator as 6.4MHz frequency and 1.2V amplitude
with fifty percent duty cycle. Input pins are disconnected in order to see the noise
level of the ADCs. Output data and clock signals are saved via an oscilloscope simul-
taneously. Four million data points are taken from the oscilloscope and transferred
to logic values using MATLAB. Some of output data and clock signal taken from the
oscilloscope is seen in Figure 5.14 while digitized values is in Figure 5.15. FFT of the
output for 65536 clock cycle is seen in Figure 5.16.
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Figure 5.12. Test PCB for all circuits in IC.

A sample FFT result is shown in Figure 5.16. Noise floor of the produced ICs
is higher than the simulation results. The component at the lowest frequency in the
PSD is caused by offset which is the result of unequal distribution of logic one and

zero values in the time interval.
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Figure 5.14. Output and clock signal taken from the oscilloscope.
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Figure 5.15. Digitized values of output and clock signal.
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Figure 5.16. FFT results of 2"¢ order CT current-mode ¥-A ADC.
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6. CONCLUSION AND FUTURE WORK

In this study, the main differences between Nyquist rate and oversampling analog-
to-digital converters are examined. General properties of the Sigma-Delta ADCs are
presented. Noise shaping concept is studied, design considerations and specifications
of an ADC are explained. Discrete time and continuous time designs are compared
conceptually and it is concluded that continuous time structures are more suitable for

low power consumption >-A ADC design.

Several types of continuous time topologies for filter block of ADCs are analysed
in terms of SNR and power consumption. Current-mode C-g,, integrator is chosen for
the design of 2" order continuous time current-mode Sigma-Delta ADC. A theoretical
noise analysis for differential current-mode integrators has been performed step-by-step
and confirmed with simulations. It has been concluded that the noise problem is very
serious due to the positive feedback effect. It has also been shown that there is a
trade-off between the noise performance and the improved DC-gain of the integrator

achieved with enhancement resistors.

A second order continuous time current-mode Sigma-Delta ADC is designed and
the layouts of the blocks are presented. Post-layout simulations are performed and
60.4dB SNR is achieved for 25KHz BW with OSR value 128. Even though second
order noise shaping is observed in FFT results, noise floor is higher than the expected
therefore reduces SNR dramatically. This high noise level probably caused by the
differential current-mode integrators. Even the low SNR affects FoM negatively, power

consumption of the designed circuit is quite low among other designs in the literature.

The designed continuous time current-mode Sigma-Delta ADC is produced in
UMC 130nm process technology. Tests are performed using prepared PCBs. Because
there is no laboratory equipment to generate sinusoidal current signal, tests of the
current-mode circuit have been done leaving input pins unconnected. Noise floor and

noise shaping are observed in this way. Results of all chips are similar and have higher
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noise level than the simulations. Because of this high noise level, 2"¢ order noise shape

could not be observed. Reasons of this situation are still being studied.

Cause of the noise in continuous time current-mode Sigma-Delta ADCs is deter-
mined as the positive feedback in the differential current-mode integrators. The design
of the integrator might be changed in a way to reduce noise or other topologies should

be preferred in continuous time ¥-A ADC design as future work.
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