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Abstract: This paper describes the design and analysis of a fully differential, gain-enhanced CMOS telescopic operational

transconductance amplifier (OTA) used in a pipeline analog-to-digital converter (ADC). Specifications of the OTA are

derived from the requirements of ADC. Simulation shows that for a 1pF load capacitance, this OTA achieves a high DC

gain (approximately 145dB) and a wide unity-gain bandwidth (above 750MHz) at a phase margin 58". In a configuration

where the closed loop-gain is 4,the design spends about 18ns for settling with 0. 05% accuracy. Simulations of this design

are performed in SMIC CMOS 0. 18m technology.
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1 Introduction

As the channel lengths of MOSFET keep shrink-
ing, the transistors are becoming smaller, faster, and
more power efficient. This particularly favors porta-
ble handset applications, which the majority of the in-
dustry is focusing on. As a fundamental building block
of analog designs, high-performance and low-power
consumption OTAs operating at a supply voltage of
1.8V or below are required in portable mixed-signal
systems. Progressing technology benefits OTA in
speed.area, and power consumption. However, when
the power supply is lowered,analog designers have to
work to design a high-performance OTA. A trade-off
among gain, speed, and power, amongst other per-
formance parameters,is necessary. Speed and accura-
cy are the two most important characteristics in OTA
design. For example, in switched-capacitor circuits,
fast and high accuracy improves speed and complete
charge transfer capability. Fast settling requires a
high unity-gain frequency and a single-pole settling
behavior of the amplifier, whereas accurate settling
requires a high DC gain. However, optimizing OTA
for speed and gain leads to contradictory demands.
Thus,a trade-off has to be made. A detailed explana-
tion will be given later.

Usually a single stage amplifier, especially tele-
scopic topology,gives fast frequency response but less
gain,and a two-stage amplifier can have large gain
but medium unity-gain bandwidth. A gain-enhanced
(also called gain-boosting, regulated-cascode) ampli-
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fier, which exploits the pros of a single stage and a
two stage amplifier, gives a fast frequency response
and high DC gain. In this technique, both the output
resistance and the gain of the main amplifier are in-
creased A, times, which is supplied by using a feed-
back amplifier (FA).However.if the FA is not prop-
erly designed,low-frequency pole-zero frequency dou-
blets will appear in the transfer function of the main
amplifier. Even though the doublet does not noticea-
bly affect the frequency response,it introduces a slow-
settling component, which is undesirable for many ap-
plications'"’.

A number of gain-enhanced fully differential
OTA designs exist in the literature, among which
161MHz GBW and 129dB DC gain at 3.3V were a-
chieved using a 0. 35,m CMOS process in Ref.[2]. A
DC gain of 102dB and 822MHz GBW were achieved
in Ref.[3] for an SMIC 0. 25,m CMOS process, but
with 35mW power consumption. The OTA designed in
Ref.[4] achieved 560MHz GBW but only a DC gain
of 92dB. Based on telescopic cascode amplifier de-
signed with the gain-enhanced technique, this study a-
chieves high gain (145dB) and wide unity-gain band-
width (750MHz) simultaneously.

2  Principle and topology

An amplifier’s DC gain is a product of circuit
transconductance and output resistance. The transcon-
ductance is usually the transconductance of the input
transistors. Changing the circuit implementation does
not improve this. An effective way to improve gain is

(©2008 Chinese Institute of Electronics
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Fig.1 Cascode gain stage with gain enhancement M10
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by increasing the output resistance. Cascading can
make output resistance bigger. But, this technique re-
duces output swing so that usually only one MOSFET end
cascades on another. To further improve the output Fig. 2  Gain-enhanced fully differential amplifier without

resistance, the gain-enhanced cascode technique is
promising.

Figure 1 gives a simple diagram of the gain-en-
hanced technique. The basic idea is based on a nega-
tive feedback loop to set the drain voltage of M2. In
small signal analysis, M1 acts as a resistor. It senses a
small signal voltage that is proportional to the drain
current. This voltage is subtracted from the V., so
that M2 works in current to voltage feedback mecha-
nism. This negative feedback drives the gate of M2
until the negative input terminal has little value varia-
tion from V,,so a small change of V., does not af-
fect the drain voltage of M1. As a result, the output
resistance is amplified by the gain of the amplifier.
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Since Al forms a closed loop with M2, stability prob-
lem may occur if it is too fast. The circuit has two
poles:one is from the output node and the other is
from the source of M2, which is also the non-domi-
nant pole of the main amplifier. A doublet (pole and
zero pair) quite often occurs in a gain-boosted op amp
design. To solve these problems,as a rule of thumb,u-
nity gain frequency of the additional amplifier is in a
range between close-loop — 3dB bandwidth and non
dominant pole frequency of the main amplifier™’ .

To implement this technique in a fully differenti-
al amplifier,the topology shown in Fig. 2 is used.

The main amplifier is telescopic. This structure
can give the highest unity-gain bandwidth. Gain boos-
ting amplifiers Al and AZ are used to enhance the
output impedance as indicated in the principal. This
topology increases the output impedance, thus impro-

CMFB
ving DC gain significantly while preserving the GBW.

3 Circuits design and analysis

Requirements of different applications in specifi-
cations vary dramatically. In this section,an example
is provided. Design considerations are followed by the
introduction of a detailed circuit topology analysis.

3.1 Specification derivation

Applications place constraints on circuit specifi-
cations. For use in a pipeline ADC system,the ampli-
fier is designed as the ADC as required. For instance,
in the case of designing a 10bit, 25MS/s pipeline
ADC, the requirements for OTA is analyzed as fol-
lows. The 25M sampling rate per second gives a signal
period T that is 40ns. To insure the signal settles to a
final value within half of the period. the amplifier
should have a settling time of less than 20ns to a-
chieve 0. 05% accuracy. This accuracy is due to the
10bit requirement. 2" gives 1024, and its reciprocal is
0.000977. This means the amplifier must achieve at
least 0. 0977% by that amount of settling time. Obvi-
ously,it is better for the amplifier to have more re-
dundancy. Therefore 0. 05% accuracy was chosen. For
a step input, the output response of the first-order sys-
tem is given by:

Volt) = VI —e ") (2)
For 0. 05% accuracy,the exponential part ¢”"* has to
be less than it. Thus ¢ is equal to 8z. A ¢ is required
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for slewing. So the total settling time is 9z. A 1 V,, is
desired at the output so the V in Eq. (2) is 1. The sle-
wing rate (SR) is thus given by 1V normalized by 1z,
the time for slewing. Hence, 97<X20ns., meaning that
SR=450 V/ps.

Once the slew rate is obtained, for a fully differ-
ential OTA,the total current flowing through M9 and
M10 is given by:

I = SR X 2C, 3
C. is the load capacitance on each output leg.

3.2 Circuit design and description

As mentioned above, unity-gain bandwidth
(UGB) is against DC gain. The following equations

prove that.

A, = GnRou 4)
we = gn/CL (5)

g = (2K’ Iy W/L)" (6)
Fouw 2 1/2lp <)
Aoc1/L (8)

Substituting Eqs. (6) ~(8) into Eqgs. (4),(5) gives,re-
spectively,
A, oc (WL/I)"? (9
w,oc (IpW/L)'"?/C, (10)
Clearly,the high-gain requirement leads to multistage
designs with long-channel devices biased at low cur-
rent levels, whereas the high-speed requirement calls
for a single-stage design with short-channel devices
biased at high current levels'"’ .

For stability, the tail MOS transistor is split into
two equal parts. The tail MOS is chosen to be a com-
mon mode feedback point because of its large trans-
conductance and, thus, its sufficient common mode
gain. But because of the large parasitic capacitance of
the CMFB load, stability problems may occur. A
trade-off has to be made between the common mode
gain and the phase margin of the common mode feed-
back loop. Splitting the tail MOS in two significantly
reduces the load to CMFB while sacrificing g., but
good phase margin can be obtained.

The gain-boosting amplifiers Al and AZ supply
additional gain to the main amplifier to achieve a
high DC gain. They are all in folded-cascoded topolo-
gy. An nMOS differential input pair is used in Al and
is shown in Fig. 3. A pMOS differential pair is used in
AZ,whose schematic is similar to Al and thus not giv-
en here.

In Al.for example.the amplifier senses the drain
voltages of M7 and M8 as input voltages for the dif-
ferential pair. The differential outputs are connected
to the gates of M5 and M6. Common mode voltages
are required by the M5 and M6,so that the Al does
not need to have a wide output swing.
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Fig.3 Gain-boosting amplifier. Al

Gain-boosting amplifiers should have a unity gain
bandwidth comparable to the main amplifier. To a-
chieve that, more power will be consumed and larger
transistors have to be used. Good stability and preser-
vation of the main amplifier’ s UGB without gain-
boosting can be obtained with less bandwidth. Con-
ventionally,

B < @uadd << Wnd 1D
B is the feedback factor of closed loop,w, denotes the
unity gain frequency of the main amplifier, w, . de-
notes the unity gain frequency of the additional am-
plifier, and w, denotes the non-dominant pole fre-
quency. With reasonable bandwidth, power consump-
tion in this stage is reduced. Usually the power of gain
boosting stage is one-fifth of the main circuit. Refer-
ring to Ref.[1],the phase margin of these stages has
to be greater than 70" to achieve proper settling be-
havior.

3.3 Design considerations

Large transconductance offers better gain and
bandwidth performance. Although for a gain-boost
amplifier,the output impedance is increased by sever-
al orders, as the two-stage topology gain requirement
does not place a critical rule on the design. However,
high speed OTA demands larger transconductance. At
certain power consumption, transconductance of
nMOS is superior to that of pMOS. Therefore, nMOS
differential pairs are chosen as the input pair.

We must consider that the load of Al is the ca-
pacitance from the gates of M5 and M6. Similarly,the
capacitance from the gates of M3 and M4 are the load
of A2.Therefore,these transistors cannot be too big.

To obtain a good settling time performance, the
main amplifier is designed to have a phase margin o-
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Fig.4 SC-CMFB network

ver 80°. The phase margin of the auxiliary amplifier is
required to be about 70"™ . The CMFB circuit also af-
fects settling performance. The circuit in Fig. 5 can
shorten the settling time effectively.

4 Common mode feedback circuit

A common mode feedback circuit is necessary in
a fully differential amplifier. Since this design is used
in the pipeline ADC, a switched-capacitor CMFB is
used in the main amplifier. A continuous-time CMFB
is implemented in the gain-boosting amplifiers.

4.1 SC-CMFB

SC-CMFB is used in the main amplifier. The
main advantages of the SC-CMFB are that they have
no constraint on the maximum allowable differential
input signals,have no additional parasitic poles in the
common mode loop.and are highly linear"''. It also
has no static power consumption. Compared with its
resistive CMFB counterpart, its capacitive impedance
does not vary the output impedance so that it does not
affect the DC gain. However, capacitors usually occu-
py a large area,and clocks are needed for the switc-
hing actions. Although charge injection can be re-
duced dramatically, nonlinear clock noise feeding
through noise into the amplifier output nodes is still a
problem. Additional capacitances are added to the
output nodes,increasing the load of the amplifier. For
these reasons, SC-CMFBs are typically only used in
switched-capacitor applications rather than continu-
ous time applications'™ .

Figure 4 shows the SC-CMFB network. A simple
working mechanism is presented. In the figure, TG re-
presents the transmission gate. Phi 1 and phi 2 are two
nonoverlapping clocks. “V,,” and “V,,” are connect-
ed to the positive output node and the negative output
node of the amplifier, respectively. “ Ve ” is a de-
sired common mode (CM) output DC voltage. “ V. ”
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Fig.5 SC-CMFB to improve settling time

connects the CM feedback point of the main circuit.
“Vie” is a desired DC voltage for the CM point.
When phi 1 is high, C,; charges to Vnet- Vs and the
charge is preserved. When phi 2 is high, C, connects
between V,, ( V) and V... In the steady state,
Vo (Vo) is constant because the applied voltages
Vemer and Ve are both DC voltages and because the
switched-capacitor integrator operates in a negative
feedback loop'®' . After V,, ( V,,) becomes constant,
C, does not transfer charge onto C,. This forces V,,
= Vemts = Vemret = Vibias- Thus,once Vnm = Vs 1S satis-
fied, the output voltage is equal to the nominal DC
voltage. In the circumstances here.” Vy,,” can be gen-
erated employing a current mirror to replica the gate
voltage of the original tail MOS.

To achieve better settling time behavior,a more
complicated SC-CMFB is presented in Ref.[6]. The
only drawback of this circuit is that it occupies more
area. Figure 5 shows the schematic of the circuit. Usu-
ally, C, is designed to be 5~10 times of that C, for
fast DC settling. But, the capacitances have to be cho-
sen carefully to avoid overloading the amplifier or af-
fecting the charge injection of the switches.

4.2 Continuous-time CMFB

Because the outputs of the gain boosting ampli-
fier do not need to swing high, a continuous time
CMEFB circuits is used. In this paper, sources coupled
differential pairs is adopted. The circuit is shown in
the next page.

This topology is not suitable for high output
swing amplifier. The requirement that MOSFETs of
differential pairs remain during entire output swing
imposes a limit on the output swing of the operational
amplifier. The input range is related to the gate over-
drive voltage of the transistors in the middle of
Fig. 6. Assuming a high swing voltage for V,,(V,,) is
demanded.a large overdrive voltage is needed for the
differential input pairs. To keep the differential pairs
on,2"* V,, is set to be equal to the output swing
range. This result, in turn, may give an unacceptable
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Fig.6 Sources-coupled differential pair CMFB

W /L ratio. We adopt this circuit to be the CMFB for
the gain-boosting amplifier because it does not need a
large output variation. The top pMOSs are biased
from a current mirror. The middle pMOSs are de-
signed to have the same configuration. Half of the to-
tal current flows through the diode connected nMOS.
An nMOS in the gain-boosting amplifier and the di-
ode-connected nMOS in the CMFB form a current
mirror. Thus,once the current of gain-boosting ampli-
fier is assigned, the W/L of diode-connected nMOS
also is determined. The total current in CMFB is ob-
tained,and therefore the top pMOSs are set. With the
output swing and the amount of current flowing
through,there is not much freedom for adjusting the
differential input pairs.

5 Simulation results

Simulations of the OTA were done within the ca-
dence design environment by employing the Spectre
simulator. A 0.18ym standard CMOS process from
SMIC is used. The gain and phase margin perform-
ances are shown in Fig. 7. The figure indicates that
the DC gain is 144. 7dB. The unity gain frequency is
slightly above 750MHz. A phase margin of 58 is
achieved at the unity-gain frequency.
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Fig.7 Gain and PM performance

To measure the settling time of the OTA,it is in
a closed loop of gain 4.One 250mV step signal is ap-
plied on the differential inputs of the OTA.One 1 volt
step response is settled after 18ns. The plot is shown
in Fig. 8.

Table 1 lists a brief comparison between this
work and Refs.[1~3]. The OTA designed in Ref.[3]
had very good performance,but power category is un-
acceptable. The design from Ref.[2] gave the best
power performance but with only 161MHz band-
width. The design reported in Ref.[1] may be a fairly
good choice if it could achieve higher gain. Compared
to Ref.[2], without increasing the power too much,
the bandwidth is expanded significantly in this work.
Also,comparable with Ref.[2],a 2 pF load is used.
The bandwidth is 564MHz, which is much wider than
that in Ref.[1].

Table 1 Performance comparison
References Ref.[2] | Ref.[3] | Ref.[1] | This work
Process/pm 0.35 0.25 0.18 0.18
Supply voltage /V 3.3 2.5 1.8 1.8
DC gain /dB 129 102 80 144.7
Phase margin /(") 70.4 62.5 73 58
C./pF 2 4 1 1
Bandwidth /MHz 161 822 660 754
Power dissipation /mW 3.9 35 3.8 4.46

6 Conclusion

A 144.7dB 754MHz OTA has been designed. The
circuit is based on the single-stage, gain-boosting to-
pology. This design consumes only about 4. 5mW. Its
high gain, wide bandwidth, and low power consump-
tion make it a good choice for pipeline ADC applica-
tions. This work will be employed in a 10bit pipeline
ADC design.
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