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Abstract. A low power, high dc gain, high speed and large swing operational transconductance
amplifier (OTA) is proposed. The OTA achieve 104dB dc gain and 3.65GHz gain bandwidth product
(GBW) and only dissipates 38mW under 1.8V power supply. It is fabricated in 0.18um CMOS
process and occupies 0.146mm?2. It is integrated in a 14b SOMSPS pipeline ADC which delivers up to
82.3dBc spur-free dynamic range (SFDR) and with 2.4MHz input tone and can be used in many
communication systems where fast and precise date converting is required.

1. Introduction

Modern wireless communication systems have greatly driven the development of high-speed
high-resolution A/D converters (ADCs) with good dynamic performance at IF, low power and cost
effective. There are many ADC topologies which are suited for the wireless applications such as
mobile base station or navigation system, the most popular one for them is pipeline ADC [1].

Traditional pipeline ADC always has a Multiplying DAC (MDAC) in each pipeline stage which
contains a high GBW OTA together with charge redistribution DAC [2]. It can achieve high speed
and provide excellent linearity excpt with more power consumption. Recently, there are new type
pipeline ADCs which have combined the advantages of both pipeline and SAR structure to achieve
low power [3]. However, the new topology can only satify medium resolution and always have digital
calibration which increase the complexity of ADC. Hence, for pipeline ADC with high resolution, the
traditional structure is more preferred than new one.

As the core part of the MDAC, the OTA is the most difficulty one to design, especially at high
speed and resolution which requires more GBW [4]. Although the CMOS amplifier has been invented
since 1960s and has been developped greatly over the past 30 years, it is still a challenge to design
two or more stages within an amplifier because of the complexity of analyzing the poles and zeros
and done the compensation. Therefore, trick and trade-off must be taken to achieve the goal.

This paper describes the implement of a high gain and high speed OTA with great swing, which is
very suitable for pipeline ADCs used in communication systems where low power consumption is
often required. This paper is divided into five main parts. After the amplifier architecture have been
decided in Section II, Section III describes the circuit techniques that were used to achieve high gain
and high speed while maintaining low power consumption. The performance result is presented in
Section IV and Section V concludes the paper.

2. Architecture Considerations

2.1 Section Headings.

The design target is a high GBW CMOS OTA with low power consumption which can be used in
14~16bits pipeline ADC up to 150MSPS sample rate. There are many amplifier topologies can be
used to implement high GBW amplifier, such as telescopic, folded-cascode, two-stage or
gain-boosted and so on, which can be seen in the table I.
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Table 1 Amplifier Structure Summary

. Output Power .
Topology Gain Swing Speed Dissipation Noise
Telescopic Medium Medium Highest Low Low
Fold-Cascode Medium Medium High Medium Medium
Two-Stage High Highest Low Medium Low
Gain-Boosted High Medium Medium High Medium

As the OTA must achieve 2.8V swing with 1.8V supply voltage, the two-stage amplifier is the
only choice for it. However, for large dc gain, the traditional two-stage amplifier can only provide
60-70dB while a 16bit ADC often requires more than 100dB. Therefore, change must be made to the
well-known two-stage amplifier.

For the two-stage amplifier, the first stage of it often provides the main gain while the second stage
provides high swing and driving force. To achieve high gain, the common five transistors which
comprise the first stage can be placed with telescopic amplifer for its gain, power dissipation and
noise advantage. And with telescopic, the gain-boosted can be used simultaneously naturally.

The second stage of the two-stage amplifier is usually a common source amplifier, which can
provide the largest swing and enough driving force, and it can be used without change.

The more important part of the two-stage amplifier is its compensation. However, as many
research have been spent on two-stage compensation, it will not be a big challenge.

As a result, a two-stage amplifier which has a telescopic amplifier with gain-boosted first stage,
and a common second stage with miller compensation will be adopted to implement the OTA, as can
be seen in Fig.1.
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Fig. 1 The t_wo-stage amplifier architecture Fig. 2 Gain-boosted equivalent schematic

3. Circuit Implementation

3.1 The first stage amplifier.

The first stage of the two-stage amplifier is a telescopic with gain-boosted amplifier. With
telescopic, in the signal path there will be all NMOS transistors, while there are PMOS transistors in
fold-cascode amplifier. As the NMOS transistor usually has greater mobility of carriers then the
PMOS counterparter, the telescopic has greater gain and lower noise than the fold-cascode structure.

For the gain-boosted amplifier, the increase of the gain will be relative to the output impedance
increased. Fig.2 shows the schematic of the gain-boosted and the equivalent small signal model.

The output impedance of the cascode with gain-boosted is as in (1)

(1

For the gain-boosted amplifier, it can be implemented with simply single common source
amplifier or fully differential structure. With fully differential, there must be a additional
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common-mode feedback circuit to stabilize the output common-mode voltage of the gain-boosted.
This will increase power dissipation and design complexity. For simplicity, the gain-boosted is
composed of single common source amplifier to eliminate the need for common-mode feedback
circuit, and has cascode load instead of a single PMOS load, as can be seen them in Fig.3 which
shows the whole circuit.
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Fig. 3 The entire amplifier with gain-boosted
For gain-boosted amplifier, its small gain is given by (2) and (3) for NMOS input and PMOS input
respectively.

gm9[(rds9 0 gmlo[rdslo[rdsw) (2)
gmls[(rdslsngl7[rdsl7Ddsl9) (3)
And the gain of the first stage is as in (4)
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3.2 The second stage.
The second stage of the amplifier is a simply common source amplifier, and its dc gain is given by

)

Az = Onos - (Fgsas Ulgsnr) (5)
Hence, the overall dc gain of the two-stage amplifier is the product of stage one and two, as is
given by (6)
A =A-A,
B {(“‘ I (oo U Gmin  Taonr *Tas13)) " Ims Tz Tt U } (6)
M L0 G Ot D G Ty Tas10))* G Toor ~ (s D o)

Omas * (a5 U Tgs7)

As it is de-couple between the first and the second stage, and the output common-mode voltage of
the first stage is not equal the input common-mode voltage of the second stage, there must be a
voltage shifter for the second stage. As can be seen in Fig.3, the capacitance of C; and C4, NMOS
switch of My3; and M4 with clock CLK, serve as the shift.
3.3 Frequency response of amplifier

In midband frequencies, the gain is as seen in (7)

AG)=A-A,
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And the unity-gain frequency is given in (8), ignoring the influence of gain-boosted and
common-mode feedback circuit.
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0, = %1 (8)
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In Fig.4 it shows the equivalent small circuit of the amplifier, ignoring the influence of

gain-boosted and common-mode feedback circuit, as they are not in the signal path.
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Fig. 4 Small signal equivalent of amplifier
It can be deduced from the equivalent circuit the transfer function as can be seen in (9) and (10)

1
gmleRy |:1_SC] (7_ Rl):|
Vo _ Gmas (9)
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Where b, ¢, d are as in (10)
b=R,(C,+C)+R(C,+C)+RC, +g,RRC

¢=RR,(C,C,+CC, +CC,)+RC,(RC,+RC)) (10)
d=RR,RCC,C,
Where Ry, Cy, Ry, Cyand igis asin (11)
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Cy = Cys +Cpy +Coes (1 1)
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Then it can be concluded that the poles and zero are as in (12) and (13).
1
= Omas Rx Rycl
(12)
P, ~— ngSCI ~— Gmas
C.C,+C(C . +C) C,+C,
N 1
Py~ - Rlcx
e (13)
(7 - R1 )C1

m25

As can be seen from above, the dominant pole is determined by miller capacitance, and the first
non-dominant pole is determined by output node. The second non-dominant is at the source of
cascode of the first stage and is usually at very large frequency which can be ignored.

For gain-boosted amplifier, it introduces their own poles and zeros which is so-called doublet. The
doublet will affect the amplifier settling behavior and must push to higher frequency.

For good roll-off of frequency response, the speed of the gain-boosted must not be too large,
especially that there is also a closed-loop between the gain-boosted and cascode transistor. As can be
seen in Fig.5, with the frequency increasing, the output impedances of whole amplifier and
gain-boosted are simultaneously decreasing [5]. And there are two poles in gain-boosted amplifier,
where one is at output, and another is at the source of cascode transistor.
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Fig.5 Output impedance with frequency increasing
Accounting for doublet, the step response is as in (14)[6]
y(t) — A) |:1 _ (1 _&)eprzl _e(A0+l)(uplt:|u(t) (14)
1+ A
If the pole-zero pair of ®, and ®,; will not cancel out each other, there will introduce an exponent
term as in (15)
(12 (15)

z

z

To avoid the settling degeneration, the doublet must be push to the frequency between -3dB
frequency of closed-loop and the non-dominant as in (16)
Po, <o, <o, (16)

4. Measured results

This amplifier is used in a pipeline ADC which is fabricated in a 0.18-pum CMOS process. Fig 6
shows OTA used in the first stage of this pipeline ADC photomicrograph, with a total die area of
0.146mm”.

Fig.6 Pipeline ADC core photomicrograph
Table II summarizes the measure results of the ADC at sampling rate fs=50MS/s and analog input
signal fin=2.4MHz. Fig7 shows the result of INL and DNL. Fig. 8 indicates FFT curves of the ADC
measured at fiy=2.4MHz.
Table 2 Amplifier and ADC Performance Summary

Technology 0.18um CMOS process
VDD 1.8V
Input voltage range 1Vpp
Sample rate 50MS/s
Swing 2.8V
DC gain 104dB
GBW 3.65GHz
Phase Margin 76 degree
Power 38mW
OTA area 0.146mm?2
INL of ADC 2.5LSB
DNL of ADC 0.8LSB
SFDR @ fIN=2.4MHz of ADC 82.3 dBc

659



S.

DNL

nae  nse FFT Analyze

DHL{LSB)

Magni tude (dB)

: ;WMW%WWMH
Fig.7 Measured Result
Summary

In this paper, a high GBW OTA was used in a 14-b pipeline ADC was fabricated in a 0.18-um

CMOS process. This OTA is only consumes dissipates 40mW under 1.8V power supply, while
making the ADC achieve 82.3dBc SFDR with 2.4MHz input, which means that it is very suitable for
high speed high resolution pipeline ADC requiring low power.
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