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Abstract

This thesis report describes the implementation and measurement results for a
cyclic ADC with a programmable resolution between 1 and 15 bits. The ADC
is clocked at 10 MHz and converts 1 bit in three clock cycles. Thus for a 10 bit
resolution the sampling frequency is 333 kHz. The main requirement is an ENOB
better than 9 bits for 10-bit conversions. Measurements of the fabricated chip
show an ENOB of 9.4 bits, a DNL of 0.25 LSB and an INL of 0.3 LSB. The power
consumption is 6.24 mW and it is fabricated in a 65 nm CMOS process using 0.25
mm? of silicon area.

The ADC is part of an on-chip measurement system used for DC measure-
ments during calibration, verification and test. It is important with a large input
voltage range and a low input voltage offset to be able to measure both high
and small signals accurately. To meet these requirements a cyclic ADC topology
is used, that has an inherent insensitivity to capacitor mismatch and amplifier
offset voltages. The operation of the ADC circuit topology is analyzed, the im-
plemented circuit solutions are described and the results from simulations and
measurements are reported.
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Chapter 1

Introduction

This thesis report describes the implementation of a cyclic ADC intended to be
used as part of an on-chip analog test system on a radio transceiver chip. Itis used
for analog to digital conversion of DC signals such as regulator voltages, bias
levels, sensor outputs and external voltages connected through the test system.
For these purposes, an ADC with 10 bit resolution, low offset voltage and an
input voltage range as large as the supply voltage are needed.

To meet these requirements an ADC solution, introduced by Onodera in [1],
is used due to its insensitivity to capacitor mismatch, suppression of amplifier
offset voltage and large input voltage range. The ADC implements a cyclic ADC
architecture, see[I.1} with a switch-capacitor circuit topology that converts 1 bit in
three clock cycles. Thus, for a 10 bit conversion the sampling frequency is equal
to the clock frequency divided by the number of periods needed to finalize the
conversion, fs = %. This gives a sampling frequency of 333kHz.

Since the ADC is intended to be used for measurement of DC signals or very
low frequency signals, the control interface only supports single shot conversions.
To trigger a conversion, a command is sent to the chip over a digital bus connec-
tion and when the conversion is finished the results can be read from the chip
using the same connection.

1.1 Algorithmic/Cyclic ADC architecture

A 1 bit per cycle algorithmic ADC structure is shown in Figure At the
start of the conversion, the input voltage is sampled by the sample and hold,
S/H. Next the sign of the sampled voltage, Vs (1) = Viy, is decided by the
comparator. Then the residue voltage, V;(k), is calculated as the sum of the
doubled sampled voltage and positive or negative reference voltage depend-
ing on the comparator output. The residue voltage at the end of the first cy-
cle is V;(k) = 2V(k) + b(k) - Vi,r. In the next cycles, the S/H samples the
residue voltage from the previous cycle instead of the input voltage. Thus, the
S/H voltage is now equal to Vsy(k + 1) = 2V(k) + b(k) - Vjes. This continues
until all bits in the conversion are decided. The final residue voltage is then
Vi(1n) = 2"ViN + Viep - Tp_q 2571 b(K).

The residue voltage is the difference between the amplified input signal and
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Figure 1.1: Algorithmic ADC architecture

the decoded digital value. For each decoded bit the input-related residue voltage
is reduced by two and at some resolution it will be smaller than the errors caused
by nonidealities of an actual circuit implementation. The main limiting factors are
the multiplication by two accuracy, the reference addition/subtraction accuracy
and the noise of the circuit implementation.

1.2 Organization

Following this introduction, chapter [2| discusses the function of the ADC circuit
topology and why it is insensitive to capacitor mismatch and amplifier offset.
Chapter 3| presents schematic, layout and simulation results of the circuit. Chap-
ter 4| presents and discusses results from measurements and chapter |5 gives a
conclusion.



Chapter 2

Cyclic ADC topology

The circuit topology used (Figure consists of two switched-capacitor (SC)
stages, each with an amplifier and associated switches and capacitors. The two
stages implement all the functions needed to implement the cyclic ADC as de-
scribed in section [1.1] (the sample and hold (S/H), multiplication by two, refer-
ence addition/subtraction and quantization).

’ T

VREF .—(/ 0—(/ —/0—1-

Figure 2.1: Cyclic ADC topology [1]

In the following sections the operation of the ADC circuit topology will be de-
scribed and its functions analyzed (multiply by two gain, input voltage sampling,
reference addition/subtraction and offset suppression).

2.1 Multiply by two

This section discusses the insensitivity of the used topology to capacitor mis-
match and why it is desirable feature. A capacitor-ratio dependent gain stage
and the ratio independent topology are analyzed and compared. First the ratio-
dependent gain stage is analyzed in section and then the ratio-independent
in section[2.1.2]
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2.1.1 Ratio dependent SC gain

In switch-capacitor amplifiers a capacitance ratio between two capacitors is often
used to achieve a certain gain. First the input voltage is sampled on one capac-
itor then the sampled charge is transferred to the other capacitor. If the second
capacitor has half the capacitance of the first the output voltage will be doubled
compared to the input voltage and a gain of two is achieved. As the gain is set
by the capacitance ratio of the two capacitors the accuracy is limited by the mis-
match between them. This will set a minimum capacitance for a certain accuracy
as the mismatch decreases with increasing capacitor size.

Co
RN
1
Vin, / | = Vo
gy 8

TT 1

Figure 2.2: Simple switch-capacitor gain stage

A simple switch-capacitor gain stage that operates with two phases is shown
in Figure In the first phase the input voltage, v;,,, is sampled on capacitor Cy,
connected between the input and ground, and capacitor C; is discharged as both
its terminals are connected to ground. During the second phase the charge stored

on Cy, szl = —v;, * (1, is discharged into the amplifier virtual ground as it is
connected between ground and amplifier virtual ground. The discharge current
through C; is supplied from the amplifier through Cp, why the charge on C; is
transferred to Cp. At the end of the second phase the output voltage is.

C
Vour = —Q1/Co = —vjp, * C71
2

From the equation above it can be seen that the gain is equal to the capacitor ratio
G
Ciz .

2.1.2 Ratio independent SC gain

The ratio independent topology in Figure 2.1|operates with two stages and three
phases each. The first and second stages perform different operations during
the three phases. The three operations in the first stage are named "Add", "Take
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refuge” (TR), and "Store & sample" (SS), and in the second stage the three opera-
tions are named "Sample" (S), "Compare" (C) and "Hold" (H).

Ch
[l
11

)
i

Figure 2.3: Topology phase 1, Add and Sample.

In phase 1, shown in Figure capacitor C; is connected to the amplifier
output and capacitor C; is connected to ground. The negative side of the capac-
itors are connected to the amplifier negative input throughout all phases. This
forces charge on C; to be transferred to C; adding to any charge already stored
on capacitor C;. To analyze the gain of the topology it is assumed that the out-
put voltage of stage 1 is VJ at the end of phase 1, and that both amplifiers have
infinite gain. In the second stage, the amplifier is connected in unity-gain feed-
back and capacitor C3 is connected to the output of stage 1, sampling the output
voltage. The capacitors charges at the end of phase 1 are:

QEPP =+ Cy
QEyP =0
Q¢, = Vb G
In the second phase, see Figure capacitor C; is connected to ground and
C; is connected to the amplifier output. This causes the charge sampled on C;
in the previous phase to be transferred from C; to C,. In the second stage, C3
is connected to ground and the feedback around the amplifier is disconnected.

This leaves the charge on C3 unchanged. The capacitors charges at the end of the
phase are:

Q' =0
QE, = V5 #Cs
In the third phase, see Figure the amplifier in stage 1 is connected in

unity gain feedback, C; is connected to the output of stage 2 and C; is floating.
This causes the charge on C; to be unchanged and the voltage over C; to become
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C3
ME=e

r-l—
Co
Figure 2.4: Topology phase 2, "Take refuge" and "Compare"

Ch

Cs3
EE

Co

_H—.

Figure 2.5: Topology phase 3, "Store and sample" and "Hold"

equal to output voltage of stage 2. In stage 2 C3 is connected to the amplifier
output making the output voltage equal to the previously sampled voltage in
phase 1. The capacitors charges at the end of the phase are:

QY =-Vi*C
Qi =Vi*GC

Now the charges on C; and C; are of equal magnitude with opposite sign. As the
circuit again enter phase 1 the charge on C; is transferred to C;. The capacitors
charges at the end of the phase are:

A
chDDZ =2V xC

ADD, _
Qc, °=0

QP2 =2-V3+GC;
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The ratio of the charge, QélD D2 on capacitor C; after one cycle of operation to the
initial charge, QélD D is
Qéle 25V«
QAPL Vi« Gy
QélDDz L,
QiPP

As the charge on C; is doubled in one cycle the voltage at the output of the ampli-
fier is also doubled and a gain of two is achieved, independent of any capacitance
ratio.

Comparing the two gain stages it obvious that the cost of the ratio indepen-
dent gain is high. One extra amplifier, one extra capacitor, more switches and one
more phase which generates costs in power consumption, area and complexity.
For this ADC it was essential with a robust solution with reduced sensitivity to
process variations, so the cost was considered acceptable.

2.2 Input voltage sampling

Here a capacitor Cy is added. It is connected between the input voltage and the
virtual ground of the amplifier in stage 1, see Figure The input voltage can
then be sampled on the capacitor and in the next phase the charge is transferred to
C; to start the ratio independent gain cycle. This requires one extra phase before
the ratio independent gain cycle in which all other capacitors are connected to
ground.

C1
Co |
Vin, | >
|
I
Co
Figure 2.6: SC gain stage 1 with added capacitor, Cy, used for
input voltage sampling
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2.3 Reference subtraction/Addition

Capacitor Cj is also used to do reference voltage subtraction or addition, depend-
ing on the sign from the previous bit decision. This is done in the same way as
the input voltage sampling. Instead of connecting Cy input side to ground it is
connected to the reverse polarity of the reference voltage so that the charge sub-
tracted (added) is Viep, — Vi, (Vief, = Vre fp)' In the single-ended case this will

be Vref - Vgnd (Vgnd - Vref)'

2.4 Quantization

+Vo—
—i— b(k)
Cso |,
L

Figure 2.7: Amplifier in stage 2 used as a comparator

The second stage is used to perform the quantization. The input side of capac-
itor Cj3 is grounded and the amplifier is in an open loop configuration, as shown
in Figure Then as Cj is grounded the input of the amplifier will be forced
apart by the charge stored on the capacitor in the previous phase. The output
voltage of the amplifier will then either go to supply or ground depending on the
sign of the voltage sampled on capacitor Cs in the previous phase.

2.5 Amplifier offset voltage suppression

The circuit topology is insensitive to amplifier offset voltages, as long as they are
small enough to not push the amplifier into nonlinear operation. This can be seen
as a form of correlated double sampling (CDS) of amplifier offset voltage [6]. To
explain this, a simpler switched-capacitor gain stage (see Figure[2.8) that uses the
same method to suppress the amplifier offset voltage is analyzed.

The switched-capacitor gain stage operates with two phases: sampling and
amplification. In the first phase the input voltage is sampled on capacitor Cy and
in the second phase the charge on Cj is transferred to capacitor C;. Assuming
zero offset voltage, the charge sampled in the first phase is Qssmpied = Co - Vig-
After the charge transfer the voltage over Cq is —Qsamprea/C1 = —Co/C1VIN.
Thus, the output voltage is equal to Voyr = —Co/Cy - Vin. If the amplifier offset
voltage is included in the analysis, the sampled charge on Cj is changed and the
voltage over Cq, during the sampling phase is no longer zero. So this charge must
also be included in the analysis. The charges stored on capacitors Cy and C; in
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Vos C Vos

C() 0
N e () P O P

Figure 2.8: SC gains stage with CDS of offset voltage, sampling
phase to the left and amplification phase to the right

the sampling phase are then:

Qcy = Co -+ (Vin — Vos)
Qc, = C1 - (—Vos)

After the charge transfer in the amplification phase the charges are:

Qc, = —Co - Vos
Qc, = —Co- Viy —C1 - Vos

The output voltage can be calculated by adding the voltages over Cy and Cy:

Vour = —Qcy/Co+ Qc,/C1
C
Vour = Vos — Ci(l) “Vin — Vos

Go
Vour = o Vin

From the equation above for the output voltage, it is clear that the amplifier
offset voltage is suppressed as it does not affect the output voltage. In the ADC
circuit topology the same principle is used. The additional capacitor C, does not
change the conclusion of the analysis.
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Chapter 3

Implementation

In this chapter the implementation and simulation of the main parts of the ADC
are described. First comes the implementation and simulation of the ADC core,
which implements a differential version of the previously described single-ended
cyclic ADC topology, in section 3.1} Then comes the reference buffer implementa-
tion and simulation, in section[3.2} and after that the implementation and simula-
tion of the common mode voltage buffer, in section Other parts not described
are a digital control block that generates control signals and a reference voltage
generator that creates a reference voltage. Moreover, a bias current generator that
creates a programmable bias current used by all amplifiers is also omitted. After
that simulation results of the full ADC are discussed in section[3.4/and finally the
layout of the ADC is shown in section[3.5}

11
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3.1 ADC Core

Vem Vem Vem

11 8 6
C1, W 10
5
4 021, 7
Vgnd e— —— it
3 1 9
Ur, /0—/— —o/o— —o/o—
2 Co, Cs,
13 (T
Vin,, i| = d £
2 Co, Cs,
Up, /0—/— —o/lo— —ogo—
Vgnd e— —— it
3 Cy 7
n Ws
If S
C1

- |
jll )8 )6

Vem m m

Figure 3.1: Differential implementation of ADC circuit topology.

The differential implementation of the single-ended ADC circuit topology de-
scribed in chapter [2]is shown in[3.1]and capacitor sizes are listed in Table[.1} The
two amplifiers in stage one and two use the same implementation, described in
section .11} but with different compensation networks as the load capacitance
and feedback factor are different. After the amplifier in stage two a separate quan-
tizer, described in section[3.1.2} is used to speed up the quantization decision and
simplify the amplifier design. All switches are implemented as pass gates, i.e.
using both PMOS and NMOS transistors for lower on-resistance. The current
consumption of the ADC core is about 4.1 mA, of which the two amplifiers con-
sume 2 mA each and the comparator less than 50 uA.

Capacitor | Capacitance (pF) | Capacitor | Capacitance (pf)
Co,, 1.1 Ci,, 2.2
C,, 2.2 G, 2.2

Table 3.1: Table of capacitor sizes in ADC Core, shown in Figure

Bl
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M12: 202.099947us 399.822338mV)
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M11: 201.800039us 199.904345mV., ‘

S5 . / /
< (T MI0: 201.5us 99.9698086mV. 11 |

M9: 201.200083us 49.9853758mV.
M8: 200.900718us 24.9993115mV/
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\ (w7202
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2005 2010 2015 202.0 202!
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Figure 3.2: Simulation of ADC core stage 1 (upper plot) and
stage 2 amplifier (lower plot) differential outputs with v, set
to zero.

Figure 3.2 shows the output voltage of stages one and two from a simulation
of a 5-bit conversion. The reference voltage input is set to zero to make it easier
to estimate the cycle gain. The upper curve shows the output voltage from stage
1 and the markers show the voltage at the end of each "Add" phase for each
conversion cycle, see section For each conversion cycle the voltage at the
end of each "Add" phase is doubled compared to the previous phase as intended.
The ratio of the marked voltage at the start and end of each cycle are used to
estimate the gain of one conversion cycle. The estimated gain in cycle 1 is 1.9995,
cycle 2 is 2.0000, cycle 3 is 1.9996 and cycle 4 is 2.0001. The gain error (J1) in the

first cycle is:
2 3
0 = ———F— =265
2
The input referred error from the first cycle is the gain error divided by the

ideal gain of 2:
deltay
éinputl = )

By summing the input referred gain errors made in each cycles during the
conversion, the total input referred error is:
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delta delta delta delta
5input I ! 2 2 + 3 3 + ... o u

For 10-bit resolution, assuming that the gain errors are equal in all cycles, the
above equation results in an input referred gain error of:

Sinput = 0.999 - delta

This shows that the total gain error is almost equal to a single gain error in
one cycle. The gain error should be less than half of an LSB, to not degrade the
conversion accuracy:

1

Oinput < 51571

Thus, the input referred gain error of 265y is almost a fourth of an LSB, which
is accurate enough for a 10 bit resolution. As the voltages used to estimate the
cycle gain accuracy are taken from a plot, it is assumed that the actual accuracy is
better. In Figure [3.3]the capacitor output voltages from the stages are shown. Us-
ing this simulation the cycle gain can also be estimated by observing the voltage
over capacitor C1 at the start and end of the first cycle. The estimated gain from
the plot is 1.9991. From Figure 3.3|it also possible to observe the different phases

500.0 4

250.0 4 - (—M14: 200.78812us 49.9999557mV)
—MEA2MIERE

5000
25001 MI5: 200.903013us 25.0062967mV.
s X |
& XN |
> N L S
00 5
[\

\
PR
(_M20: 201.102709us 25.0153741mV.

M18: 201.002254us 24.9717911mV,

2500 (T M19: 200.903201us 24.9959695mV

s
B N
e .

~,

2005 2010 2015 2020 202
time (us)

Figure 3.3: Simulation of ADC core capacitor voltages with v,
set to zero. The capacitor voltages are shown in number
order with C in the top plot to C3 in the bottom plot.
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of operation. In the top curve showing the voltage over capacitor Cy, the marker
displays the voltage, 50 mV, at the end of the sample phase. This charge is then
transferred to capacitor C; resulting in a voltage of 25 mV, indicated by left-most
marker on the second plot. The voltage is half that of the sampled voltage as
capacitor Cq, C; and C; are twice as large as capacitor Cy. This is to reduce the in-
ternal swing in the ADC core compared to the sample voltage. At the same time
the voltage is copied onto capacitor Cj resulting in a voltage of 25 mV, shown by
the bottom curve. Next is the "Take refuge"” phase, in which the charge on ca-
pacitor C; is transferred onto capacitor C; resulting in a voltage of 25 mV, shown
in the third curve. After that comes the "Sample and store" phase, in which the
voltage copied onto Cj is copied back onto Cj, resulting in a voltage of 25 mV,
marked by the second marker from the left for capacitor C;. Finally, the charge
stored on C; is transferred to capacitor C;, adding it to the charge from the previ-
ous phase. This results in a voltage of 50mV, indicated by third marker from the
left, and thus the cycle is done and the voltage is doubled.

3.1.1  Amplifier

Py Py P Py Py Py Py Py
b, o f b, f bep fevn, U, o] Ubep Vb, f v,
;« Ry Ry @ Vo,
4

C
7
iy Vi
=<l R .
Ny N Ny Ny

R

Ng

Figure 3.4: Two stage amplifier.

The amplifier in Figure 3.4 is implemented using a two-stage topology with
a pole-split frequency compensation to achieve a high gain and a large output
swing. This will however increase the settling time due to a lower bandwidth
caused by the multiple amplifier stages. As the clock frequency of the ADC is
modest, necessary bandwidth can still be obtained but at the cost of higher cur-
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rent consumption. The first stage is using a folded cascode amplifier [2] to achieve
a high gain without introducing a third stage. To increase the gain more, gain
boosting is used [5]. This increases the output impedance of the first stage and
thus the gain is increased. In Table 3.2| dimensions of the devices in the ampli-
fier are listed. The amplifier pole-split frequency compensation is made using a
Miller capacitor with a series resistor [2] to cancel the zero caused by unwanted
feed forward path through the Miller capacitor. The compensation capacitor is
programmable as the needed compensation capacitance to achieve good phase
margin varies between the different phases of the cyclic ADC operation, due to
the varying load capacitance and feedback factors depending how the capacitor
are connected.

Transistor Size (yum) Transistor Size (pm)
Ny 1655 N, 1655

N; 10 Ny 710

Ns 435 Ne 70

Ny 455 Ns 2055

No 2055 Nig 2%

Nii 238 Ny, 49

N3 24 Ny ey

Py 42 P, 42

P 7% P 7%

Ps 455 P 455

Py 1220 Pg 1220

Py 8% P10 SZT&

P 22 Ppy 23

Pi3 2%

Capacitor | Capacitance (pF) | Capacitor | Capacitance (pf)
C1 234 @) 2,34
Resistor Resistance k() | Resistor Resistance k()
Ry 1.3 R; 1.3

R3 42 Ry 42

Table 3.2: Table of devices in amplifier, shown in Figure [3.4]

Figure [3.5/shows the loop gain for the three phases of operation for stage 1:
"Add", "Take Refuge" and "Store & Sample". The nominal DC gain varies be-
tween 95 and 105 dB, the phase margin varies from 88° to 108° and the unity gain
frequency from 47 to 76 MHz. In [1]] the following equation, for the maximum
absolute error of the multiply by two gain due to a limited DC gain is presented:

e .3 3
gam,mux GDC GDC

N
3 Vref

In the implemented ADC capacitor Cp has half the capacitance of capacitors C;
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and C;. This increase the feedback factor from 1/3 to 2/5 and the above equation
has to be modified to:

N1

% (2n7g ‘Voffl
GDC % Vref

Egain,max = Tm(zn —n- 1) +

In order to keep the error below 1/4 LSB, assuming that the amplifier offset volt-
age (Vyfs) is equal to the reference voltage (V,,s), the gain (Gpc) must be higher
than 94 dB for 10-bit and 100 dB for 12-bit conversions, respectively. As the DC
gain reported above are from loop gain simulation, it needs to be multiplied with
the feedback factor to be compared to the required DC gain. With the feedback
factor taken into account the DC gain varies between 103 dB and 105 dB.

The amplifier DC gain is designed to achieve better than 12 bit accuracy in
the nominal case to have margin for process variations and other error sources,
while still achieving better than 10-bit accuracy. The bandwidth required can be
estimated by approximating the amplifier transfer function with that of an ideal
integrator, i.e. assuming infinite DC gain, A(s) = “, where wy, is the unity-gain
frequency of the amplifier. Thus, the closed loop system is given by:

A(s) 11

T1+ AR Blt

H(s)

Where it can be seen that the time constant of the system is T = 1/(wf). The
time domain step response of the closed loop system is:

) = 51 —e )

The relative error of the settling at time ¢, is:

h(t = 00) —h(t = taock) _ e—t”‘f’”‘

h(t — o0)

If the system should have an N-bit performance, then the relative settling error
must be less than fourth of an LSB. As this circuit operates with three phases, it is
assumed the error must be a third of one fourth of an LSB to account for the error
made in each phase, this requires that:

_ wh 27(N+2)
e Tetock < 3

Since A(s) is the open loop transfer function of the amplifier, A;f is equal to the
loop gain of the circuit. This gives, that the amplifier unity-gain frequency times
the feedback factor (w¢,p) is equal to the unity-gain bandwidth (f;;ggw) of the
loop gain. Given this, the above equation can be rewritten as:

fyomw  p—(N+2)
e Tetock < 3
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Taking the logarithm of both sides of the above equation, the required ratio of the
unity-gain frequency of loop gain to the clock frequency is:

fucsw - (N +2)In(2)

fclock 27 + ln(3)

Thus, the required unity-gain bandwidth of the loop gain can be calculated with
the equation above. For 10-bit accuracy the ratio is /}IGJ > 2.42, thus a unity-

clock

gain bandwidth larger than 24.2 MHz is required. The nominal unit gain band-
width of 47 MHz, in the phase with the lowest bandwidth, is twice that of the
required bandwidth and the settling error are much less than 1/4 LSB.

3.1.2 Comparator

I A b

Vo_ o— —o Vo

[ e

Ny N3

Vi o—|

Ny

Figure 3.6: Regenerative comparator

Even though the amplifier can be used to perform the quantization, as shown
in fig[2.4] a comparator is added after the amplifier in the second stage to reduce
the bandwidth needed. This is because the amplifier does not need to resolve
a small input voltage to logic levels in a short time interval. Instead, it acts a
buffer before the comparator which increases the input voltage to the comparator.
This makes it possible to use a simple regenerative comparator as the input offset
voltage of the comparator is suppressed by the amplifier gain [4]. The amplifiers
own offset voltage is suppressed as explained in section 2.5

The regenerative comparator (Figure consists of an input NMOS differ-
ential pair, a cross-coupled PMOS pair as load and PMOS reset switches. Dimen-
sions of the devices in comparator are listed in Table[3.3] The comparator operates
in two phases, reset and compare. In the reset phase the output is shorted to the
supply to make the differential output voltage zero. In the compare phase the
shortcut to supply is disconnected and the outputs are pulled down by the cur-
rents through the differential pair which are proportional to the input voltage.
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Transistor | Size (um) | Transistor | Size (um)
5 5

N] 8274 N2 8274

N3 o | V4 18

Ns 428 | Ne 26

P 2fracd0.4 | P, 25373

P frac20.08 | Py UG8

Table 3.3: Table of devices in comparator, shown in Figure|[3.6|

54 200.956 200.‘958

200.95 ZDD‘BSZ 200.9:
time (us)

Figure 3.7: Comparator simulation

As the cross coupled pair is off at the start, the output voltage difference is only
due to the current trough differential pair. As soon as the voltage is pulled low
enough the cross couple pair is turned on and the outputs are pulled apart to-
wards supply and ground. This can be seen in Figure[3.7| that shows the sample
signal, upper curve, the voltages at the output of the comparator, middle curves,
and the input voltages, lower curves. First the voltage is shorted to the supply
then it is released and pulled down. Then, as the cross-coupled pair turns on, the
outputs are pulled apart towards supply and ground.

3.2 Reference buffer

As the reference voltage is created by a resistive divider between the supply and
ground the output resistance is relatively high. This would cause slow settling if
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Figure 3.8: Reference buffer amplifier, schematic

it was connected directly to the ADC. Instead, a unity gain buffer is used between
the reference divider and the ADC. The reference buffer implementation is shown
in Figure B.8]and device sizes are listed in Table[3.4 It uses a two stage amplifier
topology with a first stage folded cascode amplifier with complementary differ-
ential pairs at the input to handle the reference voltage range. A common source
second stage using a pole-split with a Miller capacitor as frequency compensation
to get a stable amplifier is also used.

Figure[3.9)shows magnitude and phase of the loop gain in the reference buffer.
The DC gain is 81 dB, the bandwidth is 218 MHz, the phase margin is 81° with a
current consumption of less than 900 uA. The bandwidth of the reference buffer
is substantially higher than the bandwidth of the amplifiers in the ADC core, not
to degrade the total settling of the ADC core.

3.3 Common mode voltage buffer

As the capacitors are connected to signal ground in several of the phases of op-
eration, a buffer amplifier is used to protect the common mode source from the
switching load of the ADC Core. The common mode voltage buffer implementa-
tion is shown in Figure A single-stage amplifier is used since the common
mode voltage does not need to be a very accurate copy of the common mode
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LOOPGAIN (deg

LOOPGAIN (dB)

200.0q

150.0

100.09

Transistor Size (yum) Transistor Size (um)
Ny 459 N> 43?(;
N3 12873 Ny %%
N 02 N 955
Ny 02 Ny 30,2,
No o5 Ny =
Npy 372 Ni2 5

Py 845 P, 843

Ps 1259 Py 93%

DPs 335 Ps 93%

ry 335 Pg 2045
Py l Py 33%
Py 37%

Capacitor | Capacitance (pF)

Cm 1

Resistor Resistance () Resistor Resistance k()
Rum 740 R4 6.6

Table 3.4: Table of devices in reference buffer, shown in Figure

SR

freq (Hz)

Figure 3.9: Reference buffer amplifier loop gain simulation.
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Figure 3.10: V., buffer amplifier schematic

voltage derived from the resistive reference generator.

Transistor Size (yum) Transistor Size (pm)

Ny 1053 N, 1055

N3 10k N, =

Py 1039 P, 1059
Capacitor | Capacitance (pF) | Capacitor | Capacitance (pf)
C IN 34 COUT 3

Table 3.5: Table of devices in V,,, buffer, shown in Figure

Figure shows the phase and magnitude of the loop gain for the common
mode voltage buffer. The DC gain is 30 dB, the bandwidth is 28 MHz, the phase
margin is 85° with a current consumption of 140 uA. All capacitors connected
to the buffered common mode voltage are connected in differential pairs. So the
discharge or charge current cancel each other out to the first order, which reduces
the bandwidth and gain required by the common mode buffer, compared to the

reference buffer. This makes it possible to use a single-stage amplifier with low
bandwidth.

3.4 Simulation results

In this section simulation results of the full ADC with on-chip linear supply reg-
ulators and decoupling are presented. In section[3.4.1]results from applying a DC
ramp to the input are discussed. Section [3.4.2]describes the noise simulation and
in section [3.4.3|the current consumption is discussed.
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Figure 3.11: V¢, buffer amplifier loop gain simulation

600 | |
400 |-

Code
[=]
T

-200

-400

_600 i | i | i
-1.5 -1 -0.5 0 0.5 1 1.5

Input voltage

Figure 3.12: Output code vs full range input ramp
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3.4.1 Ramp input

A ramped input voltage is used to determine linearity of the ADC but as the ADC
control interface does not support continuous sampling, it is approximated by a
series of DC values with a higher resolution than the ADC resolution. Figure[3.12]
shows the simulation result of a 10-bit conversion in a nominal process corner.
Since the error is expected to be less than an LSB, no nonidealities are visible at
this scale. To find the error for each code hit during the ramp, a line has been
fitted to the data in Figure[3.12)and the difference between the fitted line and data
is shown in Figure The errors shown in Figure 3.13are in the order of half
an LSB, which is expected as the quantization step is half an LSB. To give a better
estimate of the errors, a shorter ramp with smaller step size centered around zero
differential input voltage is used, see next section.

0.8 ! ! ! ! !

02 o

Error [LSB]
=
T

02+

04 L

06

08 ; ; | ; ;
-1.5 -1 -0.5 0 0.5 1 1.5

Input voltage

[— Nominal G = 0.998 Vos = -0.42 |

Figure 3.13: Output code error vs full range ramp input voltage

Small range ramp

Figures and shows the results from the simulation with a small voltage
ramp centered around zero differential voltage as input. Due to the small input
voltage range, only four output codes, the quantization of the ADC is clearly
visible. The errors shown in Figure3.13|show that the additional errors compared
to the quantization step are small, which indicates that the errors due to settling
and DC gain are below the design target of 1/4 of an LSB.
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Figure 3.14: Output code vs. small range ramp input voltage
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Figure 3.15: Output code error vs small range ramp input voltage

3.4.2 Noise

To estimate the noise of the ADC, transient simulations with noise were used.
Several conversions were run with 15-bit resolution to estimate the standard de-
viation of the noise at the output of the ADC. The results for nominal process cor-

ner and temperature are shown in Figures and Figure shows a
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plot of ADC output code vs sample number, with the mean value deducted from
the output value. Figure[3.16b|shows a histogram of the same data. The estimated
standard deviation of the ADC output code is 5.2 LSB at 15-bit resolution, which
correspond to a 0.16 LSB standard deviation at 10 bit resolution.

ADC code-lcoge V5. Sample count. ADC code-legge

Heode = 82.6 and Ocgge = 5.2 0.12
Estimated SNR = 67.0 and ENOB = 10.8 = data frequency

20 T T T T T T T — Estimated normal distribution

0.08 +

0.06 -

Code
Normalized frequency

0.04

Sample Code

(a) Output code vs sample number (b) Histogram of output codes

Figure 3.16: Noise simulation result with 15-bit resolution

3.4.3 Current Consumption

The simulated current consumption of the ADC is shown in Figures [3.17] and
In Figure the total current consumption of the ADC over temperature
and process corners is shown. Figure shows the current consumption in the

nominal process corner per block. The nominal power consumption is 5.2 mA at
40 °C

3.5 Layout

Figure show the layout of the ADC. The area of the ADC is 0.25 mm? with
width 570 um and height 440 um. The blocks described in the previous sections
are marked with names and it can be seen that majority of the area is used by
the ADC core, which includes amplifier 1, amplifier 2, comparator, switches and
capacitors. Most of the other area is used for decoupling capacitors for reference
voltage and supply voltage. It is also worth mentioning that the digital part of
the design is located to the left in the layout to separate it from the analog part.
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Figure 3.18: Current consumption per block
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Figure 3.19: ADC Layout (540 um x 440 um)
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Chapter 4

Measurement Results

Figure 4.1: Chip photo (Only ADC part shown)

The measurements presented here were done on the fabricated chip, see
photo shown in Figure[d.1} It was fabricated in a 65 nm CMOS process at TSMC.
In the following sections measurement results are discussed. Section4.1| presents
results from applying a voltage ramp to the input of the ADC. Section presents
results for the ADC noise. Section [£.3|presents results for performance measures
such as INL, DNL and ENOB [3].

31
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ADC Output vs Input Voltage, 10 bit Interpretation, Raw
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Figure 4.2: Measurement of output code vs. ramp at input

4.1 Ramp input

A voltage ramp input is used to determine the linearity of the ADC. As the ADC
control interface does not support continuous sampling, it is approximated by a
series of DC values with higher resolution than the ADC resolution. Figure
shows measurement results from a DC ramp applied to the ADC and as in the
simulation results in Figure no deviation from a straight line is visible. The
difference between the ADC data and a fitted line is shown in Figure The
errors are slightly worse than the simulation data in Figure but this is due to
the noise present in the measurement.

4.2 Noise

Figure and show results from a noise measurement done with 15-bit
resolution. Figure shows the ADC output code vs. sample count with the
mean value deducted. Figure shows a histogram of the same data. The
standard deviation estimated from the measurement is 7 LSB at 15-bit resolution
that correspond to 0.22 LSB at 10-bit resolution.

4.3 Performance metrics

This section discusses measurements of INL, DNL and ENOB [3]. Figure and
Figure 4.6/shows INL and DNL calculated from a DC ramp applied to the ADC
as described in section Both INL and DNL are calculated using a so called
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Figure 4.4: Noise Measurement result with 15-bit resolution

best line fit [3]. The worst measurement of INL and DNL are 0.3 LSB and 0.25
LSB respectively.

Figure [£.7] shows performance metrics DNL, INL, ENOB and offset voltage
over a temperature range from -40 to +125 °C. The offset voltage stays below
0.2 LSB over the temperature range as expected due to the suppression of offset
voltage in the ADC topology (see2.5). The DNL decreases with temperature from
a maximum of 0.25 LSB at -40 °C to 0.1 LSB at 105 °C, and then increases to 0.12
LSB at 125 °C. The INL is below 0.2 LSB for temperature up to 105 °C and above
that increases to 0.33 LSB at 125 °C. The INL is dominated by codes at the edges of
the input range for high temperature and at the middle code at low temperatures.
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Figure 4.6: Differential Nonlinearity (DNL)

ENOB is almost flat over the temperature range, but drops from 9.55 bits at low
temperature and to 9.40 bits at high temperature.

4.4 Averaged measurements

If averaging of several conversions per measurement point is done the noise
present in the measurement result can be reduced. This can be seen by comparing

the plots in Figures and Both figures show the results of measurements
of a voltage ramp applied to the ADC input and zoomed in around the center
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Figure 4.7: Performance metrics over temperature

code. In Figure [4.8a]the quantization levels are clearly visible, as well as the ADC
noise. The noise causes the output to toggles between different codes for input
voltages close to each other. When using averaging (Figure[4.8b) the quantization
levels are not visible anymore, instead a small ripple is visible around the slope.
This is caused by the combination of noise and averaging [7]. The noise causes
each input voltage to correspond to several output codes and together with av-
eraging, an output value closer to the input voltage than quantization noise is
achieved. For this to work the averaging must be done with a higher precision
than the conversions, otherwise only the ADC device noise will be suppressed
and not the quantization noise.

The ENOB of the ADC measurements, without and with averaging, are
shown in Figure The ENOB for nonaveraged measurement Figure [4.9a| peaks
at almost 9.56 bits and the averaged measurement (Figure peaks at almost
11.75 bit. Thus, an improvement of over 2 bits is achieved with averaging of 100
measurements. As the ADC is intended to be used for DC measurements, this
effect can be utilized to improve the measurement accuracy. It also shows that
the linearity of the ADC is better than necessary for 10 bit accuracy, as linearity
can not be improved by averaging.
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Conclusion

In this thesis project a 10 bit ADC with an equivalent sampling frequency of 333
kHz has been implemented, simulated, fabricated and measured. The functions
of the ADC cyclic topology is investigated and the inherent insensitivity to capac-
itor mismatch and amplifier offset voltage are analyzed and discussed. Schematic
implementation and simulation results of the individual major blocks as well as
the entire ADC are presented. Also, the layout and photo of the chip are shown.

Measurement results on the fabricated chip show that the ADC achieves an
ENOB between 9.4 and 9.5, dominated by noise. The measured INL is better
than 0.33 LSB, the DNL is better than 0.2 LSB for temperatures below 100 °C and
below 0.25 LSB for temperature up to 125 °C. The offset voltage is below one LSB.
Measurements using averaging show that the ENOB can be improved by over
1.5 bits if lower output data rate is acceptable. The averaged measurements also
show that the inherent linearity of the ADC is better than 10 bits. This indicates
that the ADC is over-performing for 10 bit accuracy.

37



38

Conclusion




References

[1] H. Onodera, T. Tateishi and K. Tamaru, A cyclic A/D converter that does not
require ratio-matched components, IEEE Journal of Solid-State Circuits, Volume
23, Issue 1, Pages 152-158, February 1988.

[2] PR Gray, PJ. Hurts, S.H. Lewis and R.G. Meyer Analysis and Design of Analog
Integrated Circuits, Wiley, New York, 4th Edition, 2001.

[3] D.A.Johns and K. Martin, Analog Integrated Circuit Design, Wiley, New York,
1997.

[4] B. Razavi, Design of Analog CMOS Integrated Circuits, McGraw-Hill, 2001.

[5] K. Bult and G.J.G.M. Geleen, The CMOS Gain-boosting Technique, Journal of
Analog Integrated Circuits and Signal Processing, Volume 1, Issue 2, Pages 119-
135, October 1991.

[6] C.C.Enzand G.C. Temes Circuit Techniques for Reducing the Effects of Op-Amp
Imperfections: Autozeroing, Correlated Double Sampling, and Chopper Stabiliza-
tion, Proceedings of the IEEE Solid-State Circuits Conference, Volume 84, Issue
11, Pages 1584-1614, November 1996.

[7] J. Vanderkoy and S.P. Lipshitz, Resolution Below the Least Significant Bit in
Digital Systems with Dither, Journal of the Audio Engineering Society, Volume
32, Issues 3, Pages 106-113, March 1984.

39



LUN
UNIVERSITY

Series of Master’s theses
Department of Electrical and Information Technology
LU/LTH-EIT 2015-446

http://www.eit.lth.se



	dreyfert-inlaga.pdf
	Introduction
	Algorithmic/Cyclic ADC architecture
	Organization

	Cyclic ADC topology
	Multiply by two
	Input voltage sampling
	Reference subtraction/Addition
	Quantization
	Amplifier offset voltage suppression

	Implementation
	ADC Core
	Reference buffer
	Common mode voltage buffer
	Simulation results
	Layout

	Measurement Results
	Ramp input
	Noise
	Performance metrics
	Averaged measurements

	Conclusion
	References


