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Abstract—Conventional techniques to achieve a constants A number of techniques to achieve constgpt has been
rail-to-rail complementary N-P differential input stage require  proposed [1]-[10]. Stabilization of the totaj,, over the

complex additional circuitry. In addition, the frequency response _ ; :
and common-mode rejection ratio (CMRR) are degraded. An eco- common-mode range can be tackled by varying the effective

nomical but efficient design technique to overcome these problems tail current in the.ac_tlve c.Jlfferentl-aI pair, so that it5 QOubIe§ .
is proposed. The proposed technique strategically overlaps the When the other is inactive. A simple way to achieve this is
transition regions of the tail currents for the n- and p-pairs to t0 use a transistor to sense that one of the pairs has lost
achieve constant overall transconductance. Experimental results gyfficient gate drive to operate and to divert the unused tail
demonstrate that g, variation can be restricted to within £4% current through a bypass transistor [1]-[4]. An alternative
with improved CMRR and frequency response. . . . . . .
technique is to increase the tail current bias on each side
Index Terms—Amplifiers, low-voltage circuits, nonlinear cir- by 3 factor of four and to add additional devices inside each
cuits. differential pair, which have a width three times that of the
active devices. If the square-law operation is valg, will
double, making up the deficit caused by the inactive pair
[10]. In these implementations, the diverting transistor is three
T HE NEED for analog circuits that can operate with lowimes wider than the driving transistor, which causes extra
power-supply voltage has increased in recent years. Tl current added to the large signal limiting value. Hence
lowering of the supply voltage results in a reduced inp@lewing value doubles within the common input range. To
common-mode range. An op-amp can easily be designegnedy this, a novel implementation that employs a diverting
to achieve rail-to-rail output swing with simple class-A ofransistor of the same size as that of the driving transistor
class-AB designs. The key problems lie at the input staggas been recently reported [12]. Different from the techniques
and the classic two-stage architecture demands a rail-to-i@dndling the dc tail current, a method based on processing
transconductor function with both constag, and limiting signal current has been proposed [11]. There, the signal
current, so that unity-gain bandwidth and slew rate are bailirrents from the n- and p-pairs are compared, and only the
maintained over the full common-mode input range. Rail-t@naximum current is selected and processed, keeping,the
rail input stages allow input common-mode signals to vaipnstant. All the above techniques need extra circuitry such
from the negative to positive supply rails by the use qfs many current mirrors [1]-[3]; signal-processing circuits
complementary differential pairs operated in parallel. Whegs maximum-selecting circuitry [11], which requires even
the common-mode input signal is near one of the rails, onfjore mirrors; or four 1:1 mirrors accompanying the current
one of the pairs turns on; the other is cut off. At the middle Qfiverting circuit [11]. All these implementations make the
the common-mode input range, both the n- and p-pairs are {put stage much more complicated and inevitably require
and the total transconductance has twice gheof a single mgre chip area and power consumption compared with the
pair, assuming both pairs have the sage value. Because conyentional input stage. Furthermore, these techniques often
of this, the total transconductance is not constant across Hige degraded CMRR [15], [16].
input common-mode range. This is an undesired phenomenofy, this paper, a novel technique to obtain a consigpt
because it not only results in nonconstant gain and varialle \well as to achieve rail-to-rail input and output swings

unity-gain frequency but also degrades the common-mogg, presented. This paper is organized as follows. Section I
rejection ratio (CMRR) and causes the slew rate to vary. presents an analysis of the complementary input stage and
introduces the idea of overlapping the transition regions of
the tail currents for the n- and p-pairs to achieve constant
Manuscript received January 26, 1998; revised June 28, 1998. overall transconductancg,,. The proposed complementary
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Fig. 1. Schematic of a complementary input stage. between the cutoff and the transition region is not considered
here for the sake of simplicity.
Il. ANALYSIS OF COMPLEMENTARY INPUT STAGE The lower boundary of the transition regidf] is given by
The schematic of a complementary input stage is shown in Ve Vet Vo 4V 5
Fig. 1, where M1n, M2n, and M1p, M2p constitute the n- and n = Vst Vin VDS MBu- ©)
p-type differential input pairs, respectively. _ The fact thatlp_yg, is almost zero at;” and thatVs_yipn
The_ Im of thls_ input stage is constant if the following;g always greater thaiVi, implies that Vis yp. must be
equation is satisfied [1], [6]: negligible, so (5) can be approximated by
vV Brden 3,15, = constant 1
f + VBl 1) V= A Vi 4 Vi, ©)

where 3, = pnCoxWyn/Ln, Bp = 11pCoxWp/Ly, and I,
and I, are the bias current for the n- and p-pair transistors, At the upper boundary of the transition regibjy, MBn is
respectively. By choosing,, = f3,, g is constant if,/T,,, + at the transition from the linear to the saturation, i.e.,

/Iy is constant. Fig. 2 shows three regions of operation, for

I, andl.;,. The current in each region is described as follows: VpemBn = —Via- ()
Cutoff
SinceVpa_npa can be expressed &5 — Vi, —+/Lono/Briin—
I =0, Vs S Vem <V, (2)  Ve_men, (7) can be rewritten as
Transition
V="V 4 Lm0 (8)
Isn = Isn(‘/cm)v Vn7 < ‘/cm S Vn+ (3) n = VG-MBn /3]\,1111 ’
Saturatiort ; To derive a general expression fdr, in the transition
Io=1l.0= [I\;BH(VG_MBn Vi — Vin)?, region, consider the following equations:
ViF <Vem < Vaa (4) Iin = Brin(Vem — Vo_mBa — Vin)® %)
where I,y is the saturation current for the n-pair transistors. I, = Svpg <Vg_MBn — Vae = Vin — %)

In the cutoff region, M1n and M2n are in cutoff, MBn is in
linear region, and the currents through them are all zero. In the “(Vb_mBn — Vas)- (10)
transitionregion, M1n and M2n are in saturation, and MBn is L i
in the linear region. The voltagEns vipa is very small when 10 Simplify the analysis, we assuméW/L)upn =
Vem @pproached/~, and increases with increasing,, until 2(W/L)wn, i€,

MBn enters into the saturation region. In the maximim 3 Y (11)
region, as specified by (4), all three transistors (M1n, M2n, and MBn = #7Mln-

MBn) enter into the saturation region. The subthreshold regl%_MBn can be solved from (9)=(11) to be

1The assumption that,, is proportional toy/ T, + /Tsp is valid as long
as the square-law model of the MOS transistors is valid. The MOS transistctps Vem+Ve_MBn
D.MBn=———F —— —Viu

used in this work have channel lengths of at leastdr®2 Thus the square-law 2
model can be used. This has been verified through HSPICE simulations using 1
a Berkeley Short-Channel IGFET Model (BSIM). _ 5 \/2(_‘/tn+VG_]\'IBn —Vss)2 _ (ch _VG_I\'TBH)Q-

2Saturationhere refers to the region where the tail current reaches its final
volume. It is not to be confused with the saturation region of a MOS device. (12)
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Substituting forVp_ys, from (12) in (9), we have (13), shown

at the bottom of the page. It can be verified from (13) that
is zero forVe, = V7, and it is Iy for Vo, = V.

The boundaries of the transition region for the p-pair c
be found similarly to be

‘/p—i— = Vdd + ‘/tp (14)

V- — IspO )
BMlp

p

VG_I\'TBnp - (15)

an

Fig. 6. ¢ versusV., for different Vipig-

I, is shown in (16) at the bottom of the page. One can also
easily verify from (16) thatl, is zero foer:VpJf, and it is
Lo for Ve =V, Wherel is the current in the saturation
region for the p-pair, i.e.Jspo = (Busp/2)(—Va_mep + Vaa
+Vip)2.

We note that although (13) and (16) are derived under the
assumption of (11), this assumption is not necessarily required.
With the help of MAPLE, we have observed that as long as
Suvpa IS comparable with3y,, very similar results to (13)
and (16) can be obtained. So we will use these two equations

in the following analysis.

V:‘,In - V MBn 1 ?

Isn = PBuin {% +3 V2(—Ven + Vaubn — Ves)? = (Vem — VG_MBn)2:| (13)
_‘/cm + V _MBp 1 2

Isp :[31\'111) [% + 5 \/2(‘/“) - VG_I\'TBP + Vdd)2 - (‘/cm - VG_I\'TBP)Q:| (16)
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90 T ; ; T T T ! ; ; which is close to the theoretical value of L2/V?, verifying

: ‘ : ‘ : : : : / our theoretical analysis. The optimg), obtained in Fig. 4 is
constant within 9%.

SupposeK P, = 60 pA/V?, and for the above calculated

£ =12 pAIVZ, the aspect ratio of M1n is 1/5. Aspect ratios
of the input transistors of the differential pairs are calculated
to be less than one for n-pair and close to one for p-pair.
These smallg’s for the input differential pairs widen and
linearize the transition regions where the increasipid,,
; ; ; : 3 ; 5 ; and the decreasing/fp cancel each other, thus yielding
20 N A by g constanty,,. Unfortunately, the small aspect ratios of the

: : : " : : : differential pairs degrade the noise performance and cause the
circuit to be more sensitive to the mismatch between the pair
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Avshift (V)

@
o

~
=}

[}
=]

m
o

Gm deviation (%)
Y
Q
i

0
5
T
L

Fig. 7. g deviation versusA Vs -
I1l. COMPLEMENTARY INPUT STAGE WITH DC LEVEL SHIFTER

In this section, we present another technique to overlap
the transition regions without sacrificing thg,. From the

alysis carried out in the previous section, we know that as
%{Lg as the two transition regions overlap properly, constant
gm Can be achieved. gm Can be obtained. It can be observed from (13) and (16)

By the symmetry between the n- and p-pairs, we can assuwagr:sﬁicl)sn r%r()igﬁrtll?onglbt:ntgseﬁf pe:d ?rfa:g(ietiocr:J :\éeiso:gv;gi?e
that Ii,0 = Lenos Svip = Puiin, aNd Vo vep = —Va_MBn- glon. bp g

We also assume that,, — — V., for simplicity. Recall that the preserving the original slope of the curve (i.e., keeping the
P " iginal large 3) in the transition region, a dc level shifter

boundaries of the transition regions are as expressed by (o); ) . .
8), (14), and (15), wher& - and V" are mainly determined @n be introduced _tp shift the p—transmqn curve leftward to
p overlap the n-transition curve as shown in Fig. 5. If the level

by the process parameters suchgsor V;,, while V,;* andV,” ifting is © I ds th inal tant val
depend on the dimensions of the transistors of the different] ting 1S too smallg,,, exceeds the nominal constant vaiue.
the amount of level shifting is too large,,, drops below the

Equations (13) and (16) show thafl,,, is monotonically
increasing within the transition region whilg 1, is monoton-
ically decreasing. If the transition regions of the n- and p-pai
are properly overlapped, a relatively consteff,, + /I, or

airs. Let i ) 4 .
P nominal constant value. There is an optimal sBft,imal,
V=V, (17) Whi(_:h yield_s a constang,, . This optimal shift can be easily
realized using a conventional source follower.
or, equivalently Since it is difficult to derive an expressior_1 for _the optimal
shift AVopeimal, We have used MAPLE to identify narrow
Vi = Vp+ (18) range within which the optimal value fakVy,;; exists. This

range can be defined as follows:

which means the transition regions of the n- and p-pairs are
overlapped. As illustrated in Fig. 3, we locakg™ exactly at

sn0
the same position ag,;~, and locateV,;" at V. Using (8) 2V MBa < AVoptimal <2Va_ MBa + Part (21)
and (14), we have
Fig. 6 shows the simulated value ¢ff,,+ /7, versusv,,,
Vo B + Lon = Vaa + Vip- (19) for different values of the amount_ of level shiftindV,y;y.-
/31\11n The op-amp used for the simulation to generate the results
in Fig. 6 is illustrated in Fig. 8. From Fig. 6, we observe
Therefore that the optimal AV, ~ 1.33 V, which is between
Lo the lower bound2Vs_ysn = 1.2 V and the upper bound
PMin = 5 = Bmip- (20) Ve mpn + Vin + Vie = 1.37 V, as anticipated by (21). It

V V D T V 1 Bn . . . . . .
(Vaa + Vi G-Mn) is noticeable in Fig. 6 that the optimalVy,,;; is closer to the

upper boundVg_wvien + Vin + Vis- This is because the actual
With the 3’s determined by (20), the two transition reglonsv+ (V") is smaller (greater) than those shown in (8) [(L5)]
would overlap. Given typical values ofuo = 11 A, 45 |ong as MBn and MBp operate in the linear region. This
,Vdd =15V, Vi =-08 \é ar_ld Ve vpa = _0'2_‘) V, Briin means that the two transition regions are further apart from
is calculated to be 12A/V*. Fig. 4 shows the simulatédn, gach other than defined by (8) and (15), and thus more shift is
versusVe,, for different J for a complementary input St89€ needed to overlap the transition regions. Fhecorresponding
The most constary,,, is achieved whe is equal to AN™, 4 the optimal shift is constant within 9%. Fig. 7 shows the

3The BSIM has been used in HSPICE simulations. deviation ofg,,, with respect to thé\ Vs ; for AV s varying
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Fig. 8. Schematic of the op-amp with level shifters in the complementary input stage.

by +0.4 V, theg,, deviates from its optimal 9% up to aboutFig. 1. The amplitudes and the phases are heavily dependent
90%. upon the applied common-mode input voltage,, which is
varied from rail (1.5 V) to rail (1.5 V) by a step of 0.1 V.
This op-amp is unstable and cannot be compensated due to
the varyingg,,, as we stated in the introduction. In contrast,
Fig. 9(b) shows the frequency responses of the op-amp with
Fig. 8 shows the op-amp with the dc level shifters in thievel-shifted input stage for the common-mode input voltage
complementary input stage. The pair of dc level shifteng., varying from rail to rail by a step of 0.1 V. The amplitudes
is implemented by two pairs of PMOS source followerand the phases of the proposed op-amp are almost independent
MS1-MS4, as indicated in Fig. 8. The op-amp consists of thre¢the appliedV.,,. Comparing Fig. 9(a) and (b), we can see
stages: the complementary input stage, the folded cascalde substantial improvement in the frequency responses of the
stage M21-M28, and the class AB output stage M30-M3@roposed op-amp over that of the op-amp of Fig. 1.
Transistors MB1 and MB11 are used to bias the circuit, Fig. 10 shows comparison of the CMRR of the conventional
and their dimensions also determif@,_yip, and Vo_vpp,  complementary input stage and that of the input stage with dc
respectively. The folded cascode stage provides high gaével shifters. It can be observed that by using dc level shifters,
while keeping the input and output swing high. Last, the clagise degradation of the CMRR is reduced to 45 dB, compared
AB output stage ensures rail-to-rail output swing. Simplicityo 55 dB for the case that uses no level shifters.
is obvious in our design compared with the others, where such
circuits as 1:3 current mirror [1]-[3], square-root circuit [1],
[6], current bleed circuit [7], maximum-selecting circuit [11],
and current diverting circuit [12] are used to maintain the near The simulation results of the op-amps are shown in Table 1.
constantg,,. Monte Carlo3c analysis was carried out to see the de-
Fig. 9(a) shows the frequency responses of the op-amigtions of theg,, caused by the deviations of the process
with the conventional complementary input stage, as shownparameters/ro and KP. It was simulated for 100 runs for

IV. IMPLEMENTATION OF AN OP-AMP WITH
COMPLEMENTARY INPUT STAGE USING DC LEVEL SHIFTERS

V. SIMULATION AND EXPERIMENTAL RESULTS
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Fig. 9. Frequency responses of op-amps for the input stages (a) without and (b) with level shifters. Common-modé.inpaties from rail to
rail by a step of 0.1 V.

both the input differential pairs and the level shifters witlfiollower and loaded with a 10k resistor. The figure shows
Vro and KP deviation of 5 and 10%, respectively. Table lthat the op-amp has a rail-to-rail common-mode input voltage
shows the variations of the,, for the assumed process devitange, as well as a rail-to-rail output voltage swing.
ations. Fig. 13 shows the transconductangg, which is obtained
The g,, is more sensitive toV'rop and K Pp variation from the measurement of/1., + \/.fp As expected from
because they affect both the dc level shifters and the PM@®%& analysis in Section V the process variation and the layout
input differential pairs. mismatch cause,, to deviate from the designed value. The
The op-amp shown in Fig. 8 is fabricated using a Ar2n- dashed line in Fig. 13 is the measurgd, which is constant
well CMOS technology. Fig. 11 shows the microphotograph efithin —13%, although we expect it to be within5%. More
a chip with four identical op-amps. The area of each op-anfiat ¢,,, can be obtained by tuning the bias resistors RB1 and
is 0.12 mni. RB11 in Fig. 8 or, more accurately, by tuning the bias currents
Fig. 12 shows the measured input—output transfer chardgsy and I;,0. As shown in Fig. 13, by decreasing the bias
teristic of the op—amp, which is configured as a unity-gaicurrent ofs,o or I, from 15.2 to 13uA, we decrease the
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Fig. 10. Comparison between the CMRR of the conventional complementeg
input stage (dashed line) and that of the input stage with dc level shifter
(solid line).

g;. 12. Measured input—output characteristic.

TABLE |
SIMULATION RESULTS OF THEOP-AMP (Vaq = £1.5 V) T N RO SO0 AU RN SR
Parameter Value
Input offset voltage -0.5 mV T O PO P U U ST
Common mode input voltage range | -1.42-1.43 V g
@
Qutput voltage swing 1.46-1.43 V g 150
Voltage Gain 113 dB 2
GBW 5.5 MHz g
M. CMRR (@DC) 05 4B Frasferee oo N Qe T
Slew rate 12 V/us : : :
Maximum input (1% THD) 1_8 #V 140 . : B T A ......... -_W/Otu ng PR SR
; ’ : *— with tunirjg
135 ; ; ; : ;
s —1 -0.5 ) 0.5 1 15

Vem (V)

Fig. 13. Measured transconductange.

TABLE 1
DEVIATION OF THE ¢, UNDER VARIATIONS OF PROCESSPARAMETERS

Parameter VTON VTop I(PN I{Pp
m deviation | 10% | 17% | 3% | 8%

TABLE 11l
EXPERIMENTAL RESULTS OF THE OP-AMP
Specifications Op Amp
Common input range V,.+0.08 to V34-0.07 V
Output swing (RI=10kQ) | V,,+0.04 to V3;-0.07 V
GBW 3.2 MHz
CMRR (DC) > 88dB
A G +4%
Slew rate 58 V/us
Input offset voltage 3mV
Low frequency gain 110 dB
Power dissipation 0.31 mW
Op Amp area 0.12 mm?

Fig. 11. Microphotograph of the op-amp (four op-amps are on the chip).
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deviation ofg,, to within £4%, as shown by the solid line in
Fig. 13. The chip-test results are given in Table Il
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