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Abstract—As electronics and telecommunication worlds are ~ Stage along with redundancy bit(s) should be determined
moving fast towards digitalization and there is an ever Wisely considering power, speed and resolution of the
increasing demand on speed and accuracy of the processed ADC and accuracy requirements on sub converters. Most
data, the need for high speed and high resolution ADCs has of the time, in high speed ADCs lower resolution per
grown dramatically over recent years. Pipelined ADC is the  stage is chosen to have lower inter-stage gain and settling
architecture of choice in high speed and medium resolution tjme which results in higher conversion rate. Low
applications. Op-Amps are basic building blocks of a wide (ego|ytion per stage also relaxes the requirement on
range of analog and mixed signal systems. In this paper a accuracy of voltage references in Sub ADC and

Op-Amp is designed using 90nm CMOS technology, the . . .
small voltage difference can be around tens of millivolts is comparators. Drawbacks of having lower bits resolved in

amplified by this Op-Amp. As new generations of CMOS Stages are higher number of stages that are needed and
technology tend to have shorter transistor channel length More noise and gain and offset errors from latter stages
and scaled down supply voltage, the design of Op-Amps brought back to the input due to lower inter-stage gain
stays a challenge for designers. and will lower the total ADC'’s accuracy.

The main focus in this work is the Op-Amp design to Usually in high resolution ADCs, more bits are
_rpheet(t)he'&equireme_r&ts neededgor lthe (112|'bit PEenge‘?‘dﬁ‘]D? resolved in each stage. Higher resolution per stage gives
e Op-Amp provides enough closed-loop bandwidih 10 - he henefit of having higher inter-stage gain which will
accommodate a high speed ADC (around 300MSPS) with reduce the later stages’ noise contribution to the overall

very low gain error to match the accuracy of the 12-bit - L
resolution ADC. The amplifier is placed in a pipelined ADC npls_e O_f the ADC. However, this increases .the power
with 2.5 bit-per-stage (bps) architecture to check for its dissipation of the ADC and also the area required for the
functionality. The Effective Number of Bits (ENOB) stays ADC. The noise and other errors of subsequent stages are
higher than 11 bit and the SNR is verified to be higher than reduced by former stages’ squared gain. Adding more bits
72 dB for sampling frequencies up to 320 MHz. to be resolved in early stages, especially stagel, will
Index Terms—ADC, Op-amp, CMOS, Low supply, relaxes the requirements on following stages’ accuracy
bandwidth. Pipelined, Gain Boosting, CMFB, Flash, and noise requirements and will allow scaling to be
MDAC. applied to them. This technique helps with area and
power limitations. Stages can also have redundancy bit
[. INTRODUCTION that can be shared between neighbouring stages by
overlapping. This technique leaves room for error

Analog to digital converters are the most important .
buildinggblocksg in lots of applications. For ptheseCorreCtlon (does not praduces 111) and adds % LSB

applications the digitalization and speed and accuracy &ﬁset to prevent saturation of coming stages _due to
,omparison errors occurred in present stage. This offset

: C : o
the processed data and high resolution is requwed.Tq1 : . "

o : . elps to keep the residue signal within the 0-Vref range
ADC applications fall into four market categories 1) data f t%e ADC. F,)Another advantgge of this technique is tr?e

acquisition, 2) precision industrial measurement, 3 voice . X )
q ) P ) uced inter-stage gain for higher number of resolved

band and audio and 4) high speed. For high speed ah : : .
: . c T its. For example in a 2.5 b stage with 3 raw bits and 2
medium resolution - applications the Pipelined ADCresolved bits (one redundant bit) from total bits of the

architecture is the best choice. Examples of thes DC. stage qain will be instead of . Reduced gain will
applications are instrumentation, communications an ' ge ga : gar
relax the requirements on the OpAmp employed in the

consumer electronics. .
The choice between different architectures can bgADAC‘ Redundant .b't can be added to any sub ADC
}h different resolution.

made based on the speed, resolution, area and povx‘/%I
consumption requirements in the target application.
Knowing the specification, one can choose between
different architectures to achieve the needed performance.
Among available ADC architectures, flash, folding, sub-
ranging and pipelined ADCs are fast enough to be
considered as a high speed ADC. Pipelined ADC is built
from several low resolution converters in a pipeline. The
number of stages and the number of bits resolved by each
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Il. PIPELINED ADC’S ARCHITECTURE
Vi o =2

d’\

s C, D,

A 12-bit pipelined ADC incorporating 2.5 b stages is mj_{}_D;% N

shown in Figure 1. The ADC incorporates 6 stages; eac "w+—= 5

one (except for stage 6) consists of a sample and hol @ j—“

DAC, subtraction and amplification circuitry (all of o —5% j_{ [ & =

which known as multiplying DAC or MDAC) and a low Jsifgg i L

resolution but high speed flash ADC. Stage 6 is a 3-bi : ‘

flash ADC. In Figure 2 one stage of pipelined ADC is

represented. Figure 3. One Segment of Comparing Circuitry in Sub-ADC
Inside each stage input voltage is converted to 3 raw c t lock is delaved . f clock2. |

bits by the high speed flash ADC and then reconstructed omparaltors clock 1S delayed version ot clocke. n

back to analogue by the DAC. The reconstructed signal I(‘Somparator’s circuit pre-amplification is used to amplify

subtracted from original sampled signal and thesmall differences between input and reference voltage to

difference is multiplied by the amplification factor, increase the accuracy of the comparator. The pre-amp

producing the residue signal. The residue signal is appliet rfggc?,eiffﬁ;Qi;&;iglgfﬂgégﬁndfm aal‘lr(i);/:/;the output
to the next stage to be processed and the current sta8e P :
starts sampling the incoming signal and processing on the

sampled and held data. The pipelining operation producds Thermometer Decoder

latency to the digital data production but after that there The thermometer decoder can be implemented using
will be one conversion per clock cycle. As a result of thigois of techniques, for example by using pass-transistors,
concurrency conversion rate of the ADC is independenyiiiplexing, etc. In this design thermometer codes are

of the number of stages. used as address bits of an OR-based ROM. Figure 2-7
shows a 3-to-2 bit thermometer to binary decoder (Figure
1-2-b), using the ROM implementation. The address

Vin . decoder circuit is OR-based designed as well. All address
— S 2 =S8 e M =S S6 W and data lines in the address decoder and ROM are

3

D,

connected to through PMOS devices which are always
i; ﬁ }3 L3 j; on. Whenever a line in the ROM should be chosen, all

transistors in that line should be turned on which means
Digital Correction Logic the address line should be kept high. For an address line
to be high, all transistors that are connected to it should
llg be off. For example, if ££,Cy is 000 ( \, < V(er) then
Add1 is Vg and the transistors in the first line turn on,
Figure 1: 12-bit Pipelined ADC bringing data lines to 00 which is the binary output
expected W, < Ve,
- th Mf\m
I
ST T T e
fla-sh 2[')5)'\? Q l ] L ] i [ J—
ADC T‘IL ﬂ Cj Cy Add) |*"—‘
b 5 ‘
byb,b, T‘IL ﬂ (71 a} Acg3 \»‘—‘
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Figure 2. one stage of pipelined ADC T ﬂ cl Tl agu
ﬂr—---\.;r]'*——‘.}l'———vi_l'-‘-"—--—
A. Flash Sub-ADC u Sl Sl -l b
| l cl

The pipelined ADC has fully differential architecture.
Fully differential architecture allows more dynamic range
and reduces even harmonics’ effect on nonlinearity. OneFigure 4. Thermometer to Binary Decoder Implemented by OR-Based
out of six segment of the sub-ADC is presented in Figure ROM

3.10].
] In picture above, the last address line (dashed line) is

not needed to be implemented, as it does not drive any
transistor in the ROM. It has been kept in the picture for

the sake of more accuracy. The actual design is fully

differential 6-to-3 bit decoder (2.5bit/s implementation).
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C. Comparator adapted for low-voltage 65nm CMOS technology, is

Comparators are made of two basic building blocksdepicted in Figure7.
a preamplifier and a latch. The comparator is used t Vs
resolve small input signal and produce a digital O or : 2
output. Therefore, the amplifier does not have a linearit
requirement. It should amplify the small input signal @
enough to make the latch change its state if necessal
il

The basic concept of a comparator is shown in Figure 5.

Vit Voutl+ Compt o
T e [®
. Pre-Amplifier| Latch ) T
Vi- Voutl- Comp- L i]:B \i@ I
35

ii v VG—SW

Vss
Figure 5. Basic Concept of a Comparator Figure7. Bootstrap Circuit

The comparator operates in two phase, reset and gootstrapping also helps with switches conducting
evaluation (latching). In reset phase, the latch is preconstant high voltages. It can provide a high enough
charged to Y to reduce the power dissipation in this gyerdrive voltage for those switches.
phase. In evaluation phase, the amplified input signal

causes the latch to change its state in either direction and .

by the aid of positive feedback the output signal will clipF- Clocking Scheme

to one of the supply sources, producing the digital Clock phases needed within the stage are depicted

outputs. in Figure 8.Clock1 is used to sample the input data by the

D. MDAC sampling network in flash sub-ADC and MDAC

' ) . simultaneously. Pulse width of this clock is almost % of
An MDAC performs sampling, digital to analoguethe sampling period. Clockle is similar to clockl in

conversion, _subtractlon a}nd ampllflgatlon. The Circuitregards to period and 25% pulse width, but it turns off

shown in Figure 2-12 is responsible for samplingpefore clockl to cancel charge injection problem from

subtraction and amplification in an MDAC: Amplifier's sampling switches. Allocating less time to sampling

clock i_s a delayed version of comparator’'s clock. This|iows the circuit to spend more time on amplifying
delay is needed for thermometer decoder and DAC t@hich gives amplifier more time to settle, increasing

complete the conversions from thermometer codes tgaximum sampling frequency.
binary codes and from digital codes to analogue signal.
@,
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E. Bootstrapping

High linearity requirement of the 12-bit ADC
necessitates linear operation of the switches in the su A
ADC and MDAC structure. For a switch to work with ¢y.5 \
high linearity, it should work with constant overdrive
voltage. To serve this purpose some of the switches are
bootstrapped, especially front end switches whose
overdrive voltage suffers from the changes of input
voltage. The bootstrap circuit, designed in [10] and  Clock2 is used for introducing reference voltages to

the sampling network to be compared to sampled data (in

Figure 8. Stage Clock Phases
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sub-ADC) or subtracted from it (in MDAC). The pulse hungry part of the ADC and dissipate almost 60-80% of
width of clock2 is almost % of sampling period. Asthe total power. There are a few techniques to reduce
explained before, in sub-ADC and MDAC sections, theDpAmps power consumption [18], like using class AB
comparators’ clock and amplifier's are delayed version oamplifiers which only consumes dynamic current,
clock2. All clocks’ pulse width is lowered by rising and OpAmp sharing and OpAmp current reuse.
falling time to obtain non-overlapping clocks. As discussed earlier, the OpAmp is used in the 2.5
Sampling in each stage (except for stagel) starts atMDAC structure of the pipelined ADC. The OpAmp is
the last 25% of the amplification clock of precedingplaced in a negative feedback with amplification factor of
stage. This way, as the OpAmp amplifies the residud. Now it is time to see what the requirement
signal and resides within the accepted error (Y2 LSB) ddpecification for this OpAmp is. Here we discuss DC-
its final value, the sampling capacitance of succeedingain, Gain-Bandwidth (GBW), Slew-Rate (SR) and
stage is charged with the residue signal to reach the finhloise. In the Table 1, the needed requirements on the
value simultaneously. Using this scheme, conventionaDpAmp to be used in the pipelined ADC are summarized.
sampling period can be reduced by 25%.

TABLE .
G. Digital Correction and Time Alignment SUMMARY OF OP AMP’s REQUIREMENTS
The bits from each stage are not resolved at the same Serformance Metrcs Rsaired Valies

time. As a result the output bits from 6 different stages q
that correspond to the same input sample are ready at fu 2.12 GHz
different point in 28 time and should be time aligned and Slew Rate 5.27Kvius
then digitally corrected. In order to align the bits relatect Do-gan 67 dB
to the same sample shift registers are used.

SNR 71dB

[ll. DESIGNE OFOPAMP

In this work, a two-stage gain boosted amplifier iB. Proposed OpAmp Architecture
designed to achieve high DC-gain and output swing. The  The proposed OpAmp is a two-stage, fully
price to be paid is high power consumption which is no}jifferential, Cascode current mirror topology modified
avoidable when a high performance amplifier is needed. for |ow-voltage operation. It is an extended version of
An OpAmp to be employed in a 12-bit pipelined ADC isopamp used [19]. In Figure 9.the architecture of the

designed and its performance metrics are shown. amplifier is shown: The OpAmp is a two-stage amplifier
to achieve high gain and voltage swing. It is also uses
A. OpAmp Requirements gain boosted cascode devices. Input devices are chosen to

be PMOSFETs because of their lower flicker noise and

For an OpAmp-based design of a high resomtlorfhore flexibility about the input CM level. Second stage

and high speed pipelined ADC, there are high . C AT
requirements for the OpAmp design to be satisfied. Theslgcorporates NMOS devices for their higher intrinsic

two definition “high resolution” and “high speed” for an gain. Second stage is a simple CS stage to allow more

ADC adds a great deal of challenge on the OpAmr?.mput swing. 2pF Ioa}d C?‘pa"'tor IS can|dered to
; . . Simulate next stage’s input capacitance. The
design to achieve the required performance regardin

DC-gain, Bandwidth, noise, stability, speed and SWingfg’ompensanon scheme used here is Miller Compensation.
All of which should be achieved under critical conditions
of decreased supply voltages and intrinsic gain of today’

Vai

CMOS technology. The down sized transistors of nev I L
coming technologies also have higher leakage and low: am ¢
output resistance. They are faster switches as a result v am r
the reduced parasitic capacitances (due to reduct A
transistor dimensions). Because of the higher number « _ \ME_ o
transistors in smaller area, heat production is anothe — i
problem of scaling in new technologies which will cause J:— j
slower operation and reduced reliability and lifetime of &

the transistors. These transistors are also more prone |
process variation. All of these characteristics of nev p—
scaled down technologies add more error to the OpAmp’ i

transfer function, making it harder to satisfy the stringen.
requirements on the OpAmp.

OpAmps are the basic building block of an ADC
which determine the speed and accuracy of the ADC.
They introduce gain error and nonlinearity which shouldc. Common-Mode Feedback (CMFB)
be minimized in design process or compensated for by Both stages CM levels are regulated by common-
digital correction circuitry. They are also the most poweinode feedbacks. Figure 10 represents CMFB circuit:

DOI:10.32377/cvrjst0506 CVR Colleae of Enaineerir 1

Figure 9. OpAmp Architecture



ISSN 2277 — 3916 CVR Journal of Science and Technology, Volume 5, December 2013

Differential outputs of each stage are sensed by eeasoning. The architecture of boosting amplifier number
differential pair and compared to a voltage reference. Itwo is shown in figurel2.

case of any differentiation, the CMFB brings back the

output CM mode level to its equilibrium.

IssC ?E

Figure 10. CMFB Circuit

D. Boosting Amplifiers

Boosting amplifiers are folded-cascode OpAmps.
The folded-cascode OpAmps have high voltage swing Figure 12: Boosting Amplifier
and moderate gains. They also allow more input CM
mode range. The 4 stacked transistors of first stage and Boosting amplifiers are gain boosted as well. The
the boosting amplifiers placed in the main amplifierstechnique is called Nested-boosting [14]. Sometimes the
circuit are shown in Figure 11. second boosting amplifier is simple, like this case, but it
also can be scaled version of main boosting amplifier if

Vdd more gain is needed. One should be cautious when
L }J putting boosting amplifiers into the circuit as they
vaa biacd « introduce internal Ioops_ f[hat can be_ unstable.
13 : a4 To check for stability around internal loops, probes
(to break the loop during simulation) and stability
C 1| D simulation can be used. In Figure 13, Figure 14, Figure
vaa 1 Amp2 = 15 and Figure 16 gain and phase plots of both boosting
Yo A2 e amplifiers are shown and Table 2 and Table 3 contains
Vout- Vout+ simulated parameters for boosting amplifiers.
AEY Al v
M Am»,l e Boosting Amp1-Gain (dB)
A 1 B BA
30
w L s N\
\,'_, biasl |_.u,. 20 \
F g \
£ 15
Vss E 10 \

Figurell: Boosting Amplifiers Placed in The First Stage’s Output \
Branch 0 >
_§.0po1 0.01 1 100 \
] -10 \
Ampl senses voltages of points A and B, regulates tt Frequency (MH2)
cascode devices’ (M9-M10) gate-source voltages an
amplifies the total gain by A1l. Ampl has PMOS input Figure 13: Boosting Amp1 Gain Plot

devices to deal with low voltage CM levels in A and B.
Amp2 incorporates NMOS input devices due to same
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BOOSTING AMPLIFIER NO.2 RESULTS.
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Figure 14: Boosting Amp1l Phase Plot
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Figure 15: Boosting Amp2 Gain Plot
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Figure 16: Boosting Amp1 Phase Plot

TABLE Il

BOOSTING AMPLIFIERr NO.1 RESULTS

Performance Metrics Simulated Value
f 393.4 MHz
u
BW, 5 11.45 MHz
DC — gain 30.98 dB
PM 89.93 deg
iy 11.44 mA
dd

DOI:10.32377/cvrjst0506

CVR Colleae of Enaineerir

Performance Metrics Simulated Value
£ 512.9 MHz
BW, 12 MHz
DC— gain 32.48 dB
PM 94.25 deg
i 15.5 mA

IV. RESULTS

The OpAmp is placed in the test bench illustrated
in Figure 17 to be simulated and its parameters are
calculated. Sampling capacitor is 4 times of feedback
capacitor to provide gain of 4 for the MDAC{C=1 ).

The noise voltage at the output of amplifier falls below
0.2LSB by Choosing {arger than 100fF for 10-bit ADC
and 2pF for 12-bit ADC. ds chosen 2pF to simulate the
load effect of next stage.

| |
| |
Cs Cf
vdd|
Vout-
Vi Vout+ J_
: W CL
Bias = OpAmp I
Circuit | é ul
Vout+
Vit Vout-.
I
Vss
] I
Vont+ |
Cs cf Analogue
Vont- Writer

Figure 17. OpAmp Test Bench

The probe module shown in the figurel? is placed
in the feedback to break the loop when using the stability
simulator (stb Analysis in Analog Design Environment)
in Cadence. The stability simulator calculates loop-gain
and loop-phase and is used to determine stability of the
circuit around the loop.

The analog writer module is responsible for
sampling the output data and dumping the sampled data
into a text file. The text file can be read by Matlab and
used for OpAmp’s performance determination.

The OpAmp reaches 72dB DC-gain and the gain
stays constant when the output swing increases up to the
point that the output voltage clips. In Figure 18 and
Figure 19 the open-loop gain and phase of the designed
OpAmp is shown. Other performance metrics of the
amplifier are simulated and summarized in Table 4:
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Gain-s2 (dB) input voltage (differential peak to peak voltage) is
70/ — 1.37mv and settling between the 68&.6(half LSB)
6 AN error from final value is evaluated. Table 6: Settling Time
51 \\ of The OpAmp for Being Placed in 10-bit ADC.

4 \ TABLE V
38 \ SETTLING TIME OF THE OPAMP FOR 12-BIT ADC
30
ii \\ Vm- op-Diff (m 1’) Vou t-pp-Diff (mv) settling ( ”S) \]{;—m& (MH: )
6 \\ 200 800 2243 356.60
-2 ~— 10 960 19 1397
1E-09 0.0000001  0.00001 0.001 0.1 10 280 1120 107 244,65
Frequency(GHz) - =2 i
0 1280 356 2471
Figure 18. Open-Loop Gain Plot of 2-stage, Gain BooSiedmp 360 1440 3% 20723
Frequency(GHz) TABLE VI
SETTLING TIME OF THE OPAMP FOR 10-BIT ADC
1609 0.0000001  0.00001 0.001 01 10
0 > ; ) 11
ig AN V;n- D (WV) Vour—pp—D{f (m‘/) T:enfmg(n‘s ) fs-nm (MH‘)
] N\ J
gg N 200 §00 J 400
-100 _\\ 40 960 225 EARARA)
-120
-140 \\ 280 1120 157 311.28
180 \ 0 1250 279 28674
0 phases? (deg) i) 1440 24 3817

Figure 19: Open-Loop Phase Plot of 2-stage, Gain Boosted OpAmp

TABLE 4-4
OPAMP SIMULATED PERFORMANCE METRICS

CONCLUSIONS

In this work, an OpAmp with very high gain-
bandwidth, high linearity and Signal-to-Noise ratio has
been designed. The performance of the OpAmp is
verified using Cadence simulation and Matlab and they
satisfy the requirements on the amplifier of a 2.5bps
MDAC in a 12-bit pipelined ADC. The amplifier is
placed in a pipelined ADC which is also designed in
transistor level. The main focus in this work was the
OpAmp design to meet the high requirements needed for

Performance Metrics Simulated Value

f, 4.077 GHz
BIV,,, 6404 KHz

DC - gain 72.35 dB

PM 76.01 deg

iy, 123.3mA

SNR({ for fs up to 320 MHz) >100dB
Slew Rate 22 5kvius

2.5 bps MDAC and provide an inter-stage gain of 4 in the
ADC. The OpAmp should provide a high closed-loop
bandwidth to accommodate a high speed ADC with very
low gain error to match the high resolution definition.
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