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A High-Swing CMOS
Telescopic Operational Amplifier

Kush Gulati and Hae-Seung LeEellow, IEEE

Abstract—A high-swing, high-performance CMOS telescopic clude high power consumption because of two stages in its
operatlonal ampllfler is described. The hlgh swing of the op-amp design and poor negative power-supp|y rejection (fm”]
is achieved by employing the tail and current source transistors the figure) at high frequencies.

in the deep linear region. The resulting degradation in differ- . . .
ential gain, common-mode rejection ratio (CMRR), and other 1€ folded-cascode topology is shown in Fig. 1(b). The

amplifier characteristics are compensated by applying regulated- Swing of this design is constrained by its cascoded output
cascode differential gain enhancement and a replica-tail feedback stage. Although onlyy; <. is needed to saturate the bottom-
technique. A prototype of the op-amp has been built in a 0.8- mgst load transistors and the top-most current source transis-

u#m CMOS process. Operating from a power supply of 3.3 V, it ; -
achieves a differential swing of+2.45 V, a differential gain of 90 tors, in order to allow for process variations, a small safety

dB, unity-gain frequency of 90 MHz, and >50-dB CMRR. It is Margin Vinargin is often added toVy, to ensure saturation.
shown, analytically and through simulations, that the operational Accounting for these, and th&;, ... required across the
amplifier maintains its high CMRR even at high frequencies. cascode devices, the differential output swing 2., —

Index Terms—CMOS analog integrated circuits, feedback, gain  8Vds,sat — 4Vimargin- With & voltage margin of 100 mV, this is
enhancement, op-amp, operational amplifier, replica tail, tele- estimated to b&V;,,— 2 V. The second pole of this op-amp
scopic. is located atgms/XC,, where gms is the transconductance
of transistor M7 or M8 andC,, is the sum of the parasitic
capacitance contributed from transistors M2, M8, and M10 at
. L the source of transistor M8. Since its second pole frequency
D_ES@N'NG high-performance analog circuits is becons higher than the nondominant pole of a typical two-stage

ing increasingly challenging with the persistent trengno10gy, this design has correspondingly superior frequency
toward reduced supply voltages. The main bottleneck in a8sponse. Also, because the compensation for this amplifier
analog circuit is the operational amplifier. At large supplysrminates to ground in contrast to the two-stage compensation

voltages, there is a tradeoff among speed, power, and gaifje it has better high-frequency power-supply rejection ratio

amongst other performance parameters. Often these param Bésf-'{R). The power consumption of this design is approxi-
present contradictory choices for the op-amp architecture.

i rater the same as that of the two-stage design. Although
reduced supply voltages, output swing becomes yet another .\ irent i

I. INTRODUCTION

) ) o 3 15 smaller, a slow common-mode feedback (CMFB) circuit

n t_he ogtput stage of th_|s amplifier placed in the saturatiq@, s 1o nonsymmetrical output slewing, and the output current
regime, it h_as a differential output swing B.VS“P N 4%.575?“' becomes the bottleneck for the differential slew rate of the op-
WhereVS‘.‘P Is the supply voltage_anlzrdsjsat IS the_m|n|mum amp. On the other hand, if the common-mode feedback is
Va, required to safurate a transistor. For a typitg ;. of as fast as the differential path of the op-amp, the differential

.200 mV,_ the differential swing is aboaﬁ/ﬁ‘%l’_ 08V, Wh'ch slew rate is independent of the quiescent current in the output,
is superior to that of most other topologies. Its nondominapnt

| ising f it outout node. is locatedat. /C . Wh [ which case the output current can be reduced without
pol€, arising from [ts output node, IS foca edatg/C'L, where affecting the slew rate. A fast CMFB, however, compromises
gmg IS the transconductance of transistor M5 or M6 &gl

is the load capacitance. Since this pole is determined by the differential frequency response. Typically, the differential

. i . : . uency response is optimized at the cost of slower common-
explicit load capacitance, it typically occurs at a relativel d yresp P

; o .~ node feedback. Therefore, it becomes necessary to have the
low frequency. As a result, this amplifier has a compromise .
. : output stage current equal to that of the input stage.
frequency response. Other drawbacks of this architecture In- . - .
A telescopic cascode op-amp, as shown in Fig. 1(c), typi-

_ _ _ _ _ cally has higher frequency capability and consumes less power
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Fig. 1. Conventional op-amp topologies. (a) Two-stage amplifier. (b) Folded-cascode amplifier. (c) Telescopic amplifier. (d) No-tail telesitfgic amp

the parasitic capacitance at this node arises from only tywarameters (such as unity-gain frequency and settling time) of
transistors instead of three, as in the latter. The single staage op-amp with no tail or with a tail transistor in the linear
architecture naturally suggests low power consumption. Thegion is sensitive to input common-mode and supply-voltage
disadvantage of a telescopic op-amp is severely limited outpaatriation, which is undesirable in most analog systems.
swing. It is smaller than that of the folded cascode becauseOther op-amps that have traditionally been employed in
the tail transistor directly cuts into the output swing fronigh-performance applications include the class AB op-amp
both sides of the output. In the telescopic op-amp shown [B]. This amplifier, however, requires a minimum supply
Fig. 1(c), all transistors are biased in the saturation regioroltage of2V; 4 4V, sat + 2Vinargin, WhereV; is the thresh-
Transistors M1-M2, M7-M8, and the tail current sourceld. For V; of 0.8 V, V,,, must be greater than 2.§.
M9 must have at leasty, .., to offer good common-mode This requirement renders this architecture unsuitable in future
rejection, frequency response, and gain. The maximum diéw-voltage applications. Other drawbacks include degraded
ferential output swing of a telescopic op-amp is shown to Beequency response because of the presence of current mirrors
2Veup — 10V, sat — 6Vinargin. Under identical conditions as (which lead to pole-zero doublets in the differential path) and
before, the output swing of this design can be shown to b@ge op-amp noise. Other rail-to-rail amplifiers with class-
limited to 2V;,, —2.6V. In a 3-V supply system, this represent#\B-type output stage [3] deliver very high swing. These too,
a 45% reduction of the available output swing. however, typically require current mirrors in the differential
At large supply voltages, the telescopic architecture bpath with a high minimum supply-voltage requirement.
comes the natural choice for systems requiring moderate gairThis paper presents a design that combines the low-power,
from the op-amp. Reducing supply voltages, on the other hamigh-speed advantage of the telescopic architecture with the
forces reconsideration in favor of the folded cascode, or, in thiggh-swing capability of the folded cascode and the two-stage
extreme case, the two-stage design. Although a telescopic dpsign. It achieves its high performance while maintain-
amp without the tail current source [1] [Fig. 1(d)] improvesng high common-mode and supply rejection and ensuring
the differential swing bY2Vy, cac + 2Vimarein (600 mV), the constant performance parameters. The techniques described
common-mode rejection and power-supply rejection of suelne general and can potentially be applied to improve the
a circuit is greatly compromised. Moreover, the performangerformance of some other topologies as well.
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Il. HIGH-SWING OPERATIONAL AMPLIFIER

A. Importance of High Swing in Operational Amplifiers

In analog circuits wheréZ’/C noise is the dominant noise,
the relationship between op-amp performance metrics such as
speed, signal-to-noise ratio (SNR), and power consumption
can be shown to be

Vo+

gm )
SNR- Speed  (Swing)? /3(7) 1) M2 ||le Vin-
Power k_T Viup - (M)
\c

where the constants, +, and A are the feedback factor of the _ _ ,

closed-loop op-amp, the number &’/C' noise contributions Fig. 2. Methodology for enhancing swing.

at the output of the amplifier, and the ratio of the total current

consumption of the op-amp to the current | flowing througtelescopic amplifier, performance parameters of the amplifier

one of the input devices, respectively. Here, speed correspoads sensitive to the input common-mode voltage level. The

to the dominant pole location of the op-amp. reduction in dc gain has been compensated for by a regulated

The above expression simplifies to cascode gain enhancement scheme, and a replica-tail feedback
.o technique is used to recover the CMRR and PSRR and to
SNR- Speed (Swing) (2) ensure constant performance parameters for the op-amp.
Power Veup

when gm I, as in the case when the input devices are fa- Regulated Cascode for Recovering Gain

weak inversion or in the saturation region of strong inversion. The gain enhancement used in the amplifier employs the
The proportionality constant in the last term is a functiowell-known differential regulated cascode [4] structure, as
of the architecture of the op-amp and the switched-capacithiown in Fig. 3(a), with the difference being the presence
circuitry around the op-amp. It is clear from this expressionf a third input in the gain-enhancement amplifiers [5] to

that increase in the swing of the op-amp leads to overdllas the load transistors and the input devices in the linear
performance improvement that can be exploited to achiesiad saturation region, respectively. In addition, the bottom

lower power or higher SNR or speed. gain-enhancement amplifier incorporates part of the replica-
tail feedback scheme, as will be described in Section IlI-A.
B. Methodology for Improved Swing Fig. 3(b) illustrates the tradeoff between differential gain and

wing of the op-amp. Pushing the load devices deeper into the
gear region increases swing at the cost of reduced gain. This
tradeoff can be invoked as long as the gain of the op-amp is
g[rﬁ:gter than the application requirements. The dot on the curve
‘represents the operating point for the op-amp presented in this
paper, as will be described.

In the topology shown in Fig. 2, transistors M7—-M9 arﬁ
deliberately driven deep into the linear region. Since the
transistors normally operate in the linear regidfargin iS
not needed across these devices. Under these conditions
output swing is shown to b8V, — 6Vas car — 2Vinargin —
2Vis lin-tail = 2Vds lin-load, WhereVy; jin-tain andVys 1in-10ad are
the drain-to-source voltages for the tail and load transistors, . ) )

respectively. WithV, ... of 200 MV, Viargin Of 100 mV, D. Concept of Replica-Tail Feedback Technique

Vs lin-tait Of 80 MV, andVy; 1in-10aa Of 160 mV, the differen-  The concept of the replica tail feedback is illustrated in
tial output swing i2V,,,— 1.88 V, which is superior not only Fig. 4(a). The basic goal of the replica tail feedback is to
to a telescopic amplifier by about 0.7 V but also to a reguleep the tail current constant despite variations in the in-
folded-cascode amplifier by roughly 100 mV. The swingut common-mode voltage level. It accomplishes this by
enhancement stems not only from the difference betwesensing the drain-to-source voltage across the transistor and
Vs sar @nd the voltage across the devices in the linear regiomodulating its gate voltage. The circuit realization of the
but also because of the fact that we no longer nEggd.... “feedback circuit” is shown in Fig. 4(b). Transistors M1, M2,
across devices placed in the linear region. It is important &md M9 represent the input devices and tail current source
note that any reduction in voltage across the tail transistof a differential amplifier, while M1R, M2R, and M9R form
improves differential swing twofold as the tail transistor cutheir corresponding replicas. A constant curréntis forced

into the output swing from both sides of the amplifier. Also, thhrough the replica transistors. Amplifiefio is placed in
elimination ofV;,..4in @cross the tail and the load devices itselfiegative feedback across the replica circuitry, which forces
contributes to a swing enhancementddt,...qi». This benefit the voltage at nodeg to be equal to the voltagé. at the

of increased swing by pushing the load and tail transistattsird input of the gain-amp. Also, the common-mode gain
in the linear region, however, is accompanied by degradefi the gain enhancement amplifier A2 forces the common-
common-mode rejection ratio (CMRR), PSRR, and differentiaiode component of the drain voltages of M1 and M2 to be
gain of the amplifier. Additionally, as in the case of the no-tagqual to the voltagéd/,.. Under these conditions, it can be
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Fig. 3. (a) Regulated cascode scheme to recover differential gain. (b) Va'ﬂg' 4. (a) Basic concept of replica-tail feedback. (b) Circuit realization of

ation of differential gain with differential swing of op-amp. replica-tail feedback.

: . _ [ll. 1 MPLEMENTATION OF OP-AMP
shown that the voltage at the drain of the tail transistor (node

a) always equals the voltage at the drain of the replica t&il Circuit Description
transistor (node b). Since current through MOR is fixed’by  The internal structure of the gain enhancement amplifier A1,

current through M9 must also remain fixed, thus suggesting snown in Fig. 3(a), is depicted in Fig. 5(a). This amplifier
a larger “effective” resistance looking into the tail transistof;qos 4 standard folded-cascode architecture: the choice of
This “excess tail resistance” can be traded off for output swing pitecture was determined by requirements of speed and
by pushing M9 into the deep linear region while retaining thgagired input/output voltage levels. The third input (applied at
CMRR and PSRR of the conventional telescopic amplifier. fye gate of transistor M5E) sets the drain voltages of M7 and

similar techqique was propo's.ed for the tail current of a tWqyg in the main amplifier. Fig. 5(b) shows a complementary
stage amplifier, but without silicon results [6]. It can be showWarsion of the amplifier AL. Normally, an amplifier of this

that our method, however, provides superior CMRR and Ps%ﬁ)e would serve as the lower gain enhancement amplifier A2.

by ensuring better replica-main circuit match by making USge have modified this architecture [Fig. 5(c)] to incorporate
of a gain-enhancement amplifier. , __the amplifier Ao used in the negative feedback loop across
Under the conditions that the main and replica circuitge repjica circuit. The basic idea is to split the third input
are perfectly matched, small-signal analysis shows that thghsistor M3W, in the circuit on the left, to create a new
effective resistance looking into the tail-current transistor c{¥ferential pair consisting of transistors M3X and M4X,
be approximated as and transistors M7X and M8X acting as an active load, as
shown in the shaded region. The differential amplifier, thus
Riann = rog(1 + Ao - (gmog - roog) - (gmir - ro1r)). (3) realized,.serves as the replica amplifiéo yvith .output_Vt. _
Viewed in the common-mode sense, this differential pair
still acts like the third input that enables us to set the dc
Since M9R is in the linear region, its produgtm - 7o is  level of the common-mode voltage at the drains of the input
less than unity. Thus, the enhancement is mainly provided tgvices of the main amplifier as before. This implementation
the product ofdo andgm1g - 701 g. It IS intuitively consistent has several advantages. First, the current through the single
to note that the enhancement in the effective resistance equhlsl input transistor is being reused in the new differential
the loop gain of the replica loop. pair. Hence, no additional power consumption is required to
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construct amplifier4o. Second, since the differential gain A
enhancement amplifier (with input transistors M1X and M2X) 9
is in common-mode unity-gain feedback across the cascode | h_
devices in the telescopic amplifier, the common-mode voltage
at the inputs of this enhancement amplifier equals the common- MSE :II"V"C
mode voltage of the inputs of amplifiedo. Also, since
amplifier Ao is in negative feedback, its inputs are virtually -
shorted. Hence, the voltage at the drain of transistors M1RVin+ [ miE M2E l:II“Vi"' Vo- Vo+
and M2R (nodey), as seen in Fig. 4(b), tracks the common- | :
mode voltage at the drains of transistors M1 and M2, thus I _E" 3 II:L
ensuring good replica-main matching, which improves the = = =
performance of the replica-tail feedback technique. Addition- @)

ally, this implementation allows simultaneous setting of the
dc levels of the common-mode voltage at the drains of the

input devices and the replica input devices and ensures their I
equality.

The overall implementation of the operational amplifier is th{ vocel“maw |-Vm- Yo+ Vo
shown in Fig. 5(d). The common-mode loop, as highlighted
by the dashed path, can be regarded as a two-stage amplifier, ——

with the replica amplifietdo as the first stage and the replica

circuit as the second stage. Capacitadteis used to push é[ |
-
|_|I

the pole corresponding to nogegor the second stage pole) to

a higher frequency. Note that the unity-gain frequency of the
replica-loop is determined by the ratio of the transconductance
of the replica amplifier to the capacitan€e. The gain amps,

on the other hand, are stabilized by the combination of an

(b)

explicit capacitance and parasitic capacitance at the gates ¢ o .
the cascode devices. A cascode current mirror is used t M1X M2X ! !
supply the current to the replica circuit. For the common- Vo- Voi
mode feedback, the standard switched-capacitor circuit is vins S L Fvin-
employed. ) I|_|M3x M4X . Vpe i |

.. . . Replica
B. Optimization of Power Consumption and Area Amplifier T IM7X M8X

(Ao)

Since the replica circuit and the gain enhancement amplifiers
drive much smaller capacitive loads than the main amplifier,
it is possible to scale down these circuits with respect to
the main amplifier. Here, scaling entails reducing the device L
widths and current through the transistors. Such scaling will (©
not change the voltage levels at various nodes in the circuit.
This process allows us to minimize power consumption and
area associated with the gain enhancement and replica tail j
feedback. The process of scaling reduces the nondominant
pole location of the two-stage amplifier in the replica loop
and would ultimately force the reduction of the unity-gain
frequency (given the need for adequate phase margin) of the .
loop, which in turn would degrade the high-frequency PSRR .E
and CMRR of the overall amplifier. Thus, the limit to such =
scaling is determined by the requirements of high-frequency
CMRR and PSRR on the amplifier. In this implementation,

the transistor widths and current in the replica circuitry were y;n+ l:l Vpc ;]l_‘_“:: ;:“_l

[
[

LV T

scaled by a factor of four, while 2.6 is the scaling factor
employed for the gain enhancement amplifiers. These circuits E

can be scaled further; such aggressive scaling, however, was
not executed here because the main idea in this paper was to
forward the concept. After scaling, the power consumed by (d)

both gain-enhancement amplmers combined is about a thifg 5. Gain amp across-channel cascodes. (b) and (c) Gain amp across
of the total power consumption of the op-amp. n-channel cascodes. (d) Overall implementation.
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operational amplifier, with and without mismatch between

the main and replica circuitry, and compares them to a

*—% telescopic topology without the replica feedback. Curve (a)
om .| 1 Vi O idy, T in the figure illustrates the CMRR-frequency dependency for

Vin+ Il::__;:]l |,n- ”-—Jl:“:“_ l Replica the op-amp using the replica feedback scheme with no main-
s, Loop replica mismatch. The CMRR for the amplifier employing

E _____ I_' S replica-tail feedback with certain mismatch applied between
|
—l:ll

the replica circuit (transistors M1R, M2R, and M9R) and
the main circuit (transistors M1, M2, and M9) is shown by
curve (b). The mismatch applied between the main and the
Fig. 6. Effect of mismatch. replica transistors that are supposed to matchA\i§ = 1

mV for the V, mismatch andAL = 0.02 um for the length
C. Effect of Mismatch mismatch. Curve (c) is the case when #jamismatch between

Previous analysis in this paper assumes that the main éﬂt Tﬁm and ti|1e r?ﬁ “C"’_‘ trar;s;]stors_s |er\creTa;13eq to 10 m_V
replica circuits are perfectly matched. In practice, mismat ' e same length mismatch as in (b). The increase in

limits the effectiveness of the replica-tail feedback, thereby . dRRt bfandw;ﬁth with an mgease :jn mrl]smatctr;] |sbclre]zarl_y
limiting the enhancement of common-mode rejection th iaent from these curves. turve ) s ows the behavior
arises from the use of this scheme. It can be shown that ethe common-mode rejection for the amplifier that does

effective output resistance and CMRR enhancement due to fpt use the replica-tail scheme while still employing the tail
replica circuit can be described by transistor in the linear region. This simulation assumes a

differential mismatch (between the input transistors and that

gmt

Condition Enhancement between the load devices of the main amplifier) ®¥, =
T 1 mV and AL = 0.02 pm that is constant for all four
Dpep K —— 1+ Asoop cases.
Aliop 1
Are) > —
! Aloop Arep

IV. EXPERIMENTAL RESULTS

. . The op-amp shown in Fig. 5(d) has been implemented in
whereA,;, is a factor that encapsulates the mismatch betwegn,. -4 &m n-well, single-poly, double-metal CMOS

the main and the replica circuits and can be e_xpressed ptScess. The microphotograph of the chip is shown in Fig. 8.

Avep = 1 = (90/9r0)/(gm/gme) When the tail transistors arey, o hies a die area of 600 630 um and consumes a total

in the deep linear region. Herg,, g+, gm, and gn: are the oo ot 4 8 mw at a 3.3-V supply. As indicated earlier, both

transcopduptances of the replica and the main tran3|§tors,tﬁ§, area and power consumption can be further minimized

shown in F!g. 6. Please refer to the appe_nd|x for detayls. by additional scaling of the replica and the gain enhancement
If the main-replica mismatch as embodied by the mismat plifiers. To minimize the mismatch between the main and

factor is very small, the enhancement factor equals the lo replica circuits, a cross-quad layout was employed for the
gain of the replica circuit. Mismatch, on the other hand, lea Sitical transistors

to reduced enhancement. Fig. 9 shows the transfer characteristic of the amplifier. The
i i “hysteresis-type” behavior observed in the curves occurs due
D. High-Frequency Behavior of CMRR to the phase difference between the input and the output of the
The first pole for the common-mode rejection of the amplamplifier at the 500-Hz frequency at which this measurement
fier can be shown to be locateda@y, + Avep - (Wpr - Aloop),  Was taken. The maximum output range and the slope of this
where A, is the mismatch factor as defined abowsg, characteristic near its midpoint were used to estimate the swing
is the pole location for the open-loop replica circuit, andnd the differential gain of the amplifier, respectively.
Awoop 1S the replica circuit loop gain (see appendix). For the Fig. 10(a) shows the test circuit employed for measuring
second condition as defined in the previous subsection, ithe settling time of the amplifier. For this measurement, the
for Avep 3> (1/A10p), the first pole location of the CMRR is op-amp was placed in negative feedback using periodically
equal toA,.;, - (Wpr - Aloop ), Wherew,,. - Aiop 1S €ssentially refreshed capacitors in the feedback path. Fig. 10(b) and
the unity-gain frequency of the replica circuit over its loop(c) shows the measured small-signal and large-signal step
Mismatch between the main and replica circuits, as mentionegbponse, respectively, of the amplifier. With a 3.65-pF ca-
in the previous section, reduces the CMRR enhancemgaicitive load and a noise gain of greater than two, the 1%
achievable by replica-tail feedback scheme. However, igettling time of the amplifier is measured to be 26 ns. The
creasing mismatch leads to increased CMRR bandwidth &ew rate of the amplifier, as estimated from the large signal
represented by its first pole location). In fact, it can be shovatep response, is 125 mV/ns.
that the product of the CMRR at dc and the bandwidth of the The chip specifications and performance summary are given
CMRR is independent of the main-replica mismatch. in Tables | and Il, respectively. The discrepancy between the
Fig. 7 depicts the simulated high-frequency behavior of thmeasured and simulated settling time is attributed to the finite
common-mode rejection of the replica-tail feedback telescogettling time of approximately 10 ns (at a 1% precision)
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of the input waveform itself. The amplifier has a measure':dg' 8. Transfer characteristic of op-amp.
differential output swing of:2.45 V at a voltage supply of
3.3 V. The swing of the amplifier has been estimated fro
the maximum output range at which the amplifier maintains
differential small-signal gain of at least 66 dB. At a capacitive

loading of 3.52 pF, its measured unity-gain frequency is 90 V. CONCLUSIONS

MHz. The CMRR of the op-amp is greater than 50 dB, and its With Supp|y V0|tages becoming more limited, op-amp out-
differential gain is 90 dB, both measured at a frequency of 5@t swing becomes an extremely critical parameter. While
Hz. Telescopic-style op-amps typically have a limited inpuhe telescopic architecture achieves superior speed and power
common-mode voltage range. This op-amp has a simulai&shsumption, it has a very limited output swing. The proposed
input common-mode voltage range of 220 mV about thgesign combines the high-speed, low-power advantage of the
nominal input common-mode voltage level measured at th&lescopic architecture with the high-swing capability of the
points where the small-signal differential gain drops to 90%lded cascode and the two-stage design while maintaining
of its nominal value; note, however, that the application dfigh common-mode and supply rejection and ensuring con-

mis op-amp is in a switched-capacitor environment where the
cgmmon-mode voltage remains fairly fixed.
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Viecm Vocm TABLE |
| I CHIP SPECIFICATIONS
o2 4 7 D2
0.5pF Technology 0.8um CMOS
[¢1 Power Supply 33V
0.5pF | N 3.4pF -
Vin+ H + ~ ” Ill Die Size 600um x 630um
Vin- :F - E ” Il' Power Consumption 4.8mW
0.5pF|L—" | 3.4pF
\ D1
—— TABLE II
0.5pF OpP-AMP MEASURED AND SIMULATED PERFORMANCE
@2 \ 7OPF @
Vicm vocm Opamp Specification Simulation Measurement
(@) Differential Open Loop Gain (S00Hz) 105db 90dB
Differential Qutput Swing +2.4V +2.45V
90.0 E{‘)‘;‘dy:ga;;plgeq”e"” (Output 93MHz 9O0MHz.
= Phase Margin 78° —
g 700 Settling Time (1%; noise gain > 2.
= Output Load ~ 3.65pF) 17.30s 2605
j=9
g 50.0 Slew Rate 133mV/ns 125mV/ns
= Offsct (typical) 9.5my 1-2mv
g 300
2 CMRR (500Hz) 57dB >50dB
- 10.0
10 APPENDIX
0 250 500 750 100.0 1250 1500
Time (ns) To understand the interaction of the replica circuitry with the
(b) main amplifier, it is useful to look at the entire transistor-level

circuitry in the common-mode sense assuming that the input to
the amplifier is a pure common-mode signal. Fig. 11 shows the
transformation of the full circuit [Fig. 11(a)] to its common-
mode counterpart [Fig. 11(b)]. A simplified model for the
common-mode circuit is shown in Fig. 12(a). The top half
shows the model for the main circuit, while the bottom part
represents the replica circuitry. For simplicity, the common-
mode feedback is not shown here, and a first-order model
is assumed for the replica circuit. The analysis will first be
carried out at dc; the results will then be generalized for all
frequencies. The transconductance of the tail and the replica-
tail transistors iy, andg,., respectively, as shown in Fig. 11.
R,,, is the total common-mode small-signal resistance at the
output of the main amplifier, whil&,,. is the corresponding
small-signal resistance at the output of the replica amplifier.
Fig. 10. Step response of op-amp. (a) Test setup. (b) Small-signal sttf€ transconductancés,, and(,. are the source-degenerated
response. (c) Large-signal step response (horizontal: 20 ns/div; vertical: 26ansconductance of the main and replica input devices. The
mVidiv considering picoprobe attenuation). degeneration of the transconductance stems from the nonzero
intrinsic small-signal resistance of the main and replica-tail
stant performance parameters. The techniques we desci@sistors. Although degeneration of the input devices is
are general and can potentially be applied to improve th@minal when the tails are in the deep linear region, this effect
performance of some other topologies as well. We have expgEs been taken into account for generality. The degenerated

imentally demonstrated an amplifier with an output swing fansconductances can be approximately expressed as
+2.45V at a supply of 3.3 V, unity-gain frequency of 90 MHz,

and power consumption of 4.8 mW at a capacitive load of 3.6 G,, = _ 9m (4)
pF, and>50 dB of CMRR. We have shown, qualitatively I+gm -

and through simulations, that the amplifier maintains its high

CMRR even at high frequencies. In light of ever decreasing

supply voltages, this op-amp serves as an attractive alternative Q, = gr ' ()
to conventional topologies. 14+ g7
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Fig. 11. Differential to common-mode transformation for replica-tail feed':Ig 12. (@) Small-signal model for the common-mode op-amp circuit. (b)
back circuit. Simplified common-mode op-amp model.

/. is the feedback factor in the replica loop that, in this CasHansconductance of the input devices. The transfer function
represents the gain of the replica amplifier. From this mogdiom the input tovey can be written as

the open-loop transfer function of the replica-loop can be Verr 1 1+ Aloop * Arey
— €. — . oop rep . 10
Vinc <1 + 9m - Tt) < 1+ Aloop ) ( )
Vor Gr : Ror

written as
T (6) Noting thatv.g is amplified by the asymmetry in the main
Vinc 1 + fr grt R . . . . .

' ' . _ input devices to eventually create a differential signal at the
which can simply be obtained using Black’s formula. Repreyutput of the op-amp, the CMRR of the amplifier is inversely
sentingv; in terms of vy, the model in Fig. 12(a) can beproportional to7’. Rewriting
simplified as shown in Fig. 12(b). The effective transconduc-

tanced. of the overall model is CMRR o (1 + gy - 1) - 1+ Atoop (11)
" ’ 1+ Aloop y Arep
G =G, - 1+ Aloop : Arep (7)
e m 1+ Ajoop which takes into account both the source degeneration due to

the intrinsic resistance of the tail transistor (shown by the first

term) as well as the CMRR enhancement due to the replica-
Aloop = fr - Grt - (8) tail feedback (shown by the second term). The enhancement

in CMRR due to the replica circuit can be emulated in an
which represents the gain through the replica loop and  amplifier merely by employing a tail transistor with a larger
G, small-signal resistanc&.q,;. The value of Ry gives us

where

Aep =1— gt o (9) an idea of the effectiveness of the replica-tail circuitry. Using
grt Lrm the above expression, the effective tail resistance can be found
Here, A,., encapsulates the mismatch between the maim be Refiait = Riail - (1 + Aioop) for small main-replica
and the replica circuits. mismatch. Thus, the resistance of the tail is enhanced by the

Until now, we have shown a model for the commonloop gain of the replica-loop.
mode path of the amplifier. To extract the CMRR of the The frequency behavior of the CMRR can be obtained by
amplifier, note that the common-mode small-signal voltagamploying the following transformations:
that eventually appears across the gate-to-source nodes of the

main input devices, shown agg in Fig. 11(b), for a certain Aloop = Aloop(s) = _ Aoop
common-mode input voltage,., can be obtained by referring 14+ < 5 )
the common-mode curreritto the voltage across the gate- Wpr
to-source nodes of the input transistors. Mathematically, this e — Tt

can be expressed asg = i/g,., whereg,, is the intrinsic L4s-(re- C)
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and [2] P.W. Li, M. J. Chin, P. R. Gray, and R. Castello, “A ratio-independent
r algorithmic analog-to-digital conversion techniqulgsEE J. Solid-State
Top — Tt (12) Circuits, vol. SC-19, pp. 1138-1143, Dec. 1984. )
1+s-(ry - Cy) [3] J. N. Babanezad, “A low-output-impedance fully differential op amp
with large output swing and continuous-time common-mode feedback,”
where w,,. is the open-loop dominant pole location of the A :<EI?3E Iﬂ- Sgllg-SJtage %/llrcgtsqol. 2“6A. Pp-t 18i?—18§'\3/|,oDSeC- 1991-f sc
. S . . Bultand G. J. G. M. Geelen, ast-settling op amp for
rep_llca cireutt ‘_"mCUt_ and Ct_" are the capgcnances across the[ circuits with 90-dB DC gain,1EEE J. Solid-State Circuisvol. 25, pp.
main and replica-tail transistors, respectively. 1379-1384, Dec. 1990.
Rewriting [5] J.Yang and H.-S. Lee, “A CMOS 12-bit 4 MHz pipelined A/D converter
with commutative feedback capacitor,”roc. IEEE Custom Integrated

G+ T Circuits Conf, 1996, pp. 427-430.
CMRR(S) x| 1+ _dm Tt [6] W. Krenik, J. Hellums, W.-C. Hsu, R. Nail, and L. I1zzi, “High dynamic
14+ s-(ry- Cy) range CMOS amplifier design in reduced supply voltage environment,”
1+ A (3) Tech. Dig. Midwest Symp. Circuits and Systefr@38, pp. 368-370.
. < cop ) (13)
1 + Aloop(s) N Arep(s)
Case A: Mismatch factaA = 0: In this case, the replica- Kush Gulati was born in Nagpur, India, in 1971.
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words, the CMRR of the amplifier is enhanced by the loop ga
of the replica circuitry. The overall frequency-dependent pe
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CMRR(s) o <3+”“> : <3+”Z"> (14)

S+ Wpt S+ Wprr
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