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RAIL-TO-RAIL AMPLIFIER STRUCTURES

A. DANCHIV, M. BODEA, C. DAN"

Aceasta lucrare prezinta: (1) o trecere in revista comparativa a trei topologii
tipce pentru etajele de intrare CMOS “rail-to-rail” (RRIS): un etaj simplu, un etaj
cu transconductantd constantd §i un etaj care functioneazd in regim de inversie
slaba, (2) implementarea etajului de sumare si (3) influenta celor trei topologii
asupra etajului de sumare. Circuitele prezentate sunt implementate intr-o tehnologie
CMOS standard de 0.8 um. Performantele etajelor au fost determinate prin analiza
manuald iar rezultatele au fost verificate prin simulare SPICE

This paper presents (1) a comparative overview for three widely used CMOS
rail-to-rail input stage (RRIS) topologies: a simple stage, a constant
transconductance stage, and a weak inversion RRIS stage, (2) the summing stage
implementation, and (3) the three RRIS topologies influence on the summing stage.
The described circuits have been implemented in a standard 0.8 um CMOS process.
The stages performances were determined by means of manual analysis and the
results were checked by SPICE analysis.
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Introduction

There is a significant interest for low voltage and low power circuits in
today IC design. The circuit supply voltage has to be fully used as the supply
voltages becomes smaller and smaller. To this purpose, rail-to-rail (RR) gain
stages were developed, [1, 2]. This paper present three different rail-to-rail input
stage (RRIS) topologies: the standard one, a constant total transconductance RRIS
topology implemented using a Zener diode and a weak inversion constant
transconductance RRIS. Manual analysis is used to evaluate the transconductance
variation versus common-mode input voltage, the total current consumption and
output resistance for all three RRIS topologies.

1. The Standard Active Load Input Stage

Firstly, we consider the common mode range of an active load p channel
transistors differential pair. Based on the minimal voltage drops needed to keep
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each transistor in the active region (see Fig. 1) we get the minimum and maximum
common mode input voltage values (Ve min and, respectively, Veas max):

Verrmx = Va _|VT |_Vav1 Vs (D
Vertmin = Vs ¥V — |VTp| Vo 2
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Fig. 1 (a) The standard differential stage and Fig. 2 Basic rail-to-rail input stage

(b) its common mode input voltage range.

The Veyrmin value is limited by the voltage drop needed on the diode
connected MN3 transistor and can be reduced to —Vis.

Taking into account the typical absolute values of both the threshold
voltage (about 0.8...1 V) and of the overdrive voltage (about 0.2 V) we get:

Vie =Vertmax = Vo + 2V, =12V 3)

VCM,min + V;S = Vov = 02 V (4)

(the Vir—Vemmax and Vig+Veyrmin sShow how close to the power supply rails is the
input common mode voltage swing).

The active load differential stage common mode input voltage range is
significantly smaller than the supply voltage range. If, for example, we consider a
(relatively large) power supply of 33V +10% we get the worst case
Verrmin=0.2 V and Veyrmax=1.8 V. From the 3.3 V supply voltage, we can use only
Verrmax—Vemrmin=1.6 V. This justifies the need for rail-to-rail input stages.
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2. The Standard Rail-to-Rail Input Stage

The p channel differential pair common mode input voltage can reach the
negative rail, —Vss and has an upper limit of Vpp—|Vz,|-2Vsy. Similarly, the n
channel differential pair can operate between —Vss+V7,+2 Vo, and Vpp.

The basic principle of a rail-to-rail input stage (RRIS) is to use both an n
channel and a p channel differential pair (see Fig. 2). The two differential pairs
have the inputs connected together and their output currents are sent to a summing
circuit, [1, 2]. By design, the differential pairs have the same transconductances,

En1=gm2=gm given by [2, 3]

Empo = 2101,2 /Vvl,z = 2K1,2 11)1,2 = KVovl,Z (5

0

We shall refer to the stage in Fig. 2 as the simple rail-to-rail input stage (S-RRIS).
Let’s take a common mode input voltage, Ve, varying from —Vss to Vpp:
o For —Vgs< Veyr < —Vss+Vr, the n channel differential pair is off, so g,,=0.
This forces MN6 to work in deep linear region, with ¥;~=0. The p channel
differential pair gives the total stage transconductance g, o=2m1=Zn;
o For Vst V5 < Ve <—VsstVitVotVows the n channel differential pair
opens gradually and g, varies from 0 to g,. The p differential pair is on,
SO gm1=gm- It results that g, o« varies from gy, to 2g,,;
o For VstV +VoutVovs < Vewrr < Vop—V1—Vor—Vovs both differential pairs
are on and the stage total transconductance is g, 1o= 2€m;
e For VDD_VTp_VoV_VOVS <Veu< VDD—VTp the p differential pair turns off
and g, varies from 2g;, to g,;
e For Vpp—Vr1, < Veu < Vpp the p channel differential pair is cut off and the
Zm.1or 18 given only by the n channel differential pair, g, 0=2m=2m-

This basic analysis provides us with the V¢ threshold voltages,
corresponding to the transitions between operating states:

Vil =-V_ + Vi Vil ==V +V, +V., +V. . (6)

VC{;\ff = Vdd - |VTp| - I/ov + VovS ch]\j = Vdd - |VTp (7)

Fig. 3 presents the stage total transconductance, g, s, versus Vep.

We are also interested in the differential pair drain currents, as they affect
the output stage resistance. Fig. 4 presents Ip; and Ip, currents versus Veyy.
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Fig. 3 S-RRIS total g, variation Fig. 4 S-RRIS outpu current variation

3. Constant Transconductance RRIS
Circuit description

The S-RRIS g, changes as the common mode input voltage varies from
—Vss to Vpp; when Veys is close to one supply rail voltage, the corresponding
differential pairs turns off lowering g, . To compensate for this decrease and to
keep g1t constant, the other differential pair must double its transconductance.

Fig. 5 presents an almost constant transconductance rail-to-rail input stage
(CT-RRIS) implementation using a Zener diode [1, 4].
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Fig. 5. Constant transconductance RRIS. Fig. 6 Zener diode implementation.

Both MP5 and MP6 transistors provide a bias current equal to 8/y. For Veyy
midrange both differential pairs are biased at /o, s0 g,,1=gm2=gn, and the 6/, extra
bias current flows through the Zener diode. For small V¢, values the n pair is off
(2:2=0), but the p pair operates at 4/, (as the Zener circuit is also off) and thus it
has g,1=2g,,. Similarly, for high V¢, values, the p pair is off, the Zener circuit is

max

also off, and the n pair operates at 4/y. In all three cases we get g,"¢, =2g,, .

The Zener diode functionality is implemented using diode connected
MPZ21 and MPZ22 transistors (see Fig. 6). These transistors work at the same
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overdrive voltage as the differential pair, but the Zener diode current must be 6.
To achive this, we use (W/L)z1=(W/L), and (W/L)z:=(W/L)5.

4, Total Transconductance Variation

This section presents a simple model suitable for CT-RRIS gy, ot versus
Veu dependence manual analysis. A more detailed circuit behavior analysis can be
found in [4]. The circuit operation has several states, each state corresponding to a
specified ¥y range. The Viys range threshold values are given by:

Vi ==V +Vy, =2V, 8) (

Vi =V +Vy +(1-2/47) 7, 9 (
Ve ==V ¥V Vo, + V6 10) (
Vi =V =V =Voy = Vs 11) (
Veu szd_VTp_(l_z/ﬁ) Vs 12) (
Véi =Voo — Vi, +2V,, 13) (

The differential pair current variation is presented in Fig. 7
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Fig. 7 Constant transconductance RRIS output current variation.

We can express the differential stages transconductance using the drain
currents. From (5) we have

Emin = \/2K1,2 IDI,Z = \/2K1,2 I, \/IDI,Z/]O = gm\/IDl,Z/IO 14)
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For all operating regions, the corresponding drain currents and
transconductances values are presented in Table 1.

Table 1
v Differential pairs current Differential pairs transconductance
o Ip, — n pair Ip — p pair S — 1 pair g1 — p pair

V<V <V 0 41, 0 28,
VL <Ver <V 0 4l,...(16/ 7)1, 0 28... (4/J7)gm
Ve, <V <VEY 0...I (16/Dy...Io 0... 2n (4/\/7)gm e En
Vgﬂ < VCM < V(,Ej\li 10 10 8m 8m
VEL <Very <VE, | Io...(16/T), I...0 g . (0147)g, 2.0
Vi <Vew <VEL | (16/T)y...41 0 (4/ﬁ)gm 28 0
VE <Vey <V 41, 0 28, 0
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Fig. 8 Constant transconductance RRIS total transconductance variation.

The gy.10t(Vem), given in Fig. 8, has two equal minimums at V4, , and V4,

g =[4/47)g, 215, =0.75¢0%, 15) |

5. Weak inversion constant gmtt RRIS
Weak inversion MOS transistor modeling

In the previous sections, we considered the differential MOS pair biased in
strong inversion. Another approach, that has several significant advantages, is to
operate the differential pair in the weak inversion region. We start with the EKV
model [5], a mathematical best-fit model that describes the MOS transistor both in
weak and strong inversion regions. The EKV model equation is:
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Ves=Vr

I,=I,In’1+e ¥ 16) (

where Is is a model parameter that includes the transistor geometry and
technological parameters and V;;=kT/q is the thermal voltage.

If we consider a rather large overdrive voltage, Ve~ Vr/>>2Vy, the
exponential term becomes much larger than unity and we get the saturation region
strong inversion current-voltage equation:

2
V.-V, 1
IDEI{ngTJ =5KV02V 17) (

th
For Vg—V1<<2Vy using the In(1+x)=x approximation we get the weak
inversion current-voltage equation:

V—Vp Ve (

gs gs

y=le " =1e" 18)

o

6. Weak inversion rail-to-rail input stage

Deriving equation (18), we get the weak inversion MOS transistor g,,:

Ves
oL, _1, v _1p (

g m =— -
a Vgs I/vth V:‘h 19)
We note that, in weak inversion, g, is proportional to the drain current and not to
the drain current square root, as in strong inversion [see equation (5)].

For the weak inversion rail-to-rail input stage (WI-RRIS) we use the same
circuit topology as for the CT-RRIS (see Fig. 5), with two major differences.
First, the differential pair transistors are designed to work in weak inversion. This
can be assured by choosing a large W/L transistor size. Second, the two bias
transistors, MP5 and MNG6 provide a bias current of 4/, instead of 8/.

The circuit operation is similar to the CT-RRIS, except that now, to double
the transconductance, we only need to double the drain current. When both pairs
are on, each differential transistor current is /y and the Zener diode takes the sup-
plementary 2/;,. When one differential pairs turns off, the Zener diode also turns
off and its current is redistributed to the other differential pair, doubling its g,,.
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7. Summing Circuit
Basic description

We shall use a summing circuit to transform the RRIS two differential
current outputs into a single asymmetric current output. The summing circuit used
in this paper is presented in Fig. 9. MP7 and MPS§ act as current sources and
generate the stage bias current, [, MN11 and MN12 form a current mirror,
Ip11=Ip1=Is. MP9 — MN14 are [Jascade transistors.
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lout

MN13
Vben F44>ﬁ2%4444744+ MN14

Ipm

P Channel v
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MN11 ‘{ MN12
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Fig. 9 Summing circuit

The stage operation is described by the following equation:

Ig=1,+1,+1, Ig=I,+I, —1I, +I, : (20
The output current result
I()ut = ([np _Inm)+([p _[pm) 21) (

Taking into account that 7,,=/,,~Ix 1s the n pair differential output current and
1yy=I,,—1,m 1s the p pair differential output current, we get

[out :Idn+]dp 22) (
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The bias current, I, assures that all transistors work at a reasonable drain
current and do not enter the linear region. For this reason, /, must be larger than
the maximum input current (otherwise the output stage may run out of current).

The RRIS output currents are in fact the differential pairs drain currents:

2
I, =-1p, I :_[m’[ =1y Ipm=[D3 (23

np nm pp )

8. Output resistance

The rail-to-rail unloaded amplifier voltage gain is equal to the input stage
Zm.ot Multiplied by the summing stage output resistance:

A=g, R (
gm,lot out 24)

A constant g, does not guarantee a constant voltage gain versus
common mode voltage, Vcy. We have to take into account the output resistance
and its Vo dependence. The output resistance is given by parallel connected
cascodes’ stages output resistances MP8 — MP10 and MN12 — MN14.

R, =R, IR, 2 (

where [2, 3]
R, = &alal s 26) (
Rup = gn110r08r010 27) (

The transistor output resistance is given by [2, 3]

1 (
r=—
° A, 28)
where

. 1dx, (

Ldv, 29)

By choosing the transistor lengths so that

Ln(dXd /dVdS)p :Lp(dXd /dVds)n 30) (

all transistors have the same A.
We design MN14 and MP10 to have

K.=K,=K (
10 14 31)
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We get
R = 2KI,,, (
. AZIDIZIDM 32)
R = 2KI (
v ﬂ’leS]DlO 33)
Using the R,, and R,, to express the output resistance [eq. (25)], we get:
V2K 1 (34
Rout - 2
/1 ]DIZ\/IDM +1D8\/1D10 )
Using the Fig. 9 notations we have
I o= (
D8 b 35)
Ipw=1Ipu=1,+1 (
D10 D14 b np 36)
Iyp=1,+1,+1, - (

The output resistance results:

2K 1 (38

R =
2 @1, +1,+1,)1,+1, )

out

9. Output resistance for different input stage topologies

In this section, we estimate the summing stage output resistance versus
common mode input voltage dependence for the three presented RRIS topologies.

Firstly, we have to choose the bias current, /. A large I, reduces the output
resistance variation but it also reduces the output resistance value and increase the
current consumption. For this reason we will choose the minimum possible bias
current value. The bias current, /,, must always be larger than the RRIS output
currents so, we choose 1,=21, for the S-RRIS, 1,=81, for the CT-RRIS and I,=41,
for the WI-RRIS.

We rewrite equation (38) using /1y, Ipi/ly and Ipy/Iy ratios [see (23)].

R = R, (
out
{zlbgm_fm} L _In 39)
10 [0 [0 [0 IO

where R}, stands for
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72K, (

R =—"—""
"L 40)

The evaluated R,,/R} ratios for all three RRIS are given in Table 2.

Table 2
Vem S-RRIS [1,=21;] CT-RRIS [/,=81] WI-RRIS [I,=41]
domain Ip, Ip, Ro/Ry | Ipi Ip, Rou/Ry Ip Ip, Rou/Ry

Vo <Vey <VEE | I 0 0.141 | 41, 0 0.018 | 21, 0 0.050

VEY <Vey <VEE | Iy | I, | 0250 | I, | I, | 0024 | I, | I, | 0072
VR <V <Vop | 0 L | 0333 | 0 | 4 | 0042 | 0 | 2, | 0.118

Fig. 10 presents the output resistance dependence of the common mode
input voltage (at linear scale). We note that the V¢, threshold voltages have
different values for different RRIS topologies [see eqgs. (6) — (7) and (8) — (13)].
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Fig. 10 Output resistance versus input common mode voltage
10. Total Voltage Gain

The total RRIS voltage gain can be estimated as A=g,, «otRou [S€E equation
(25)]. The S-RRIS g1t [see Fig. 3] is equal to 2g, when both pairs are active
(V&Y <Vey <VEE) and drops to g, when either the n pair or the p pair is off

(=Vy <Vey <V&, and respectively V2 <V, <V,,). For the CT-RRIS and WI-
RRIS, the total transconductance [see Fig. 8] only varies during the transition
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states and in this analysis it will be considered equal to 2g,,. The output resistance
values can be found in Table 2 [where R, given by (40)]. The total voltage gain
values for all three stages are given in Table 3.

Table 3
Vew S-RRIS [7,=21,] CT-RRIS [1,=81)] WI-RRIS [1,=41,]
domain &Em.tot Rout/Rb A/ngb &Em.tot Rouz/Rb A/ngb 8m.tot Rouz/Rb A/ngb

Vo <V <V | gn | 0.141 | 0.141 | 2g, | 0.018 | 0.036 | 2g, | 0.050 | 0.100
VS <V <VEE | 2g, | 0250 | 0.500 | 2g, | 0.024 | 0.048 | 2g, | 0.072 | 0.144
VA <V <Vpp | &n | 0333 | 0333 | 2g, | 0.042 | 0.084 | 2g, | 0.118 | 0.236

For the S-RRIS, for high common mode input voltages, the
transconductance drop compensates the output voltage growth, leading to a small
gain change. At low V¢, values, both the transconductance and the output voltage
decrease, resulting in an important voltage gain drop.

For the CT-RRIS and WI-RRIS, as g, ot is practically constant, the voltage
gain variation versus Vcy follows the output resistance variation.

We underline that this topology is optimized for constant total transcon-
ductance, so the total gain variation is significantly larger than the g, variation.

11. SPICE simulation results

Fig. 11 presents the RRIS g,, 1ot simulation results (standard 0.8 pum CMOS
process, 3 V single power supply). To get a better view of the g, 1 variation, the
total transconductances were normalized to g, max- The base current, /j is 2 pA for
all topologies. For the S-RRIS and CT-RRTS, the differential pairs’ transistors
were designed for Vo, =0.2 V to operate in strong inversion, g,1=gm,=20 pA/V
for both topologies. The WI-RRIS differential pairs works at a much lower
overdrive voltage, to assure weak inversion.
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View

Fig. 11 Output resistance dependence on Vcy

12. Comparative analysis of the three RRIS topologies

This paper presents three RRIS topologies, each having different
advantages and disadvantages. In this section, we give a comparative analysis of
the presented RRIS, from several different perspectives. The purpose of this
analysis is not to prove that one topology is better then another, but to help
designers choose the best suited RRIS topology for a specific task.

Our main concern is the total transconductance variation over the input
voltage common mode range. The S-RRIS has a total transconductance variation
of 50% while the CT-RRIS and WI-RRIS have a g, variation of around 15%.

Another important parameter is the total current consumption. The bias
current needed by each stage is given in Table 4.

Table 4

Input stage current|Summing stage current| Total current
S-RRIS 21, 41, 6/,
WI-RRIS 41, 81y 121,
CT-RRIS 81, 161, 241,

This shows that keeping g, constant comes at the cost of higher current
consumption: the CT-RRIS uses a four times larger current than the S-RRIS.

To compare the three RRIS topologies from the output resistance
perspective, we refer to Table 2 and Fig. 10. For all three topologies, the output
resistance changes by about 57% having the lowest value at low V¢, values. For a
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given common mode voltage, the S-RRIS has an output resistance around three
time larger than the WI-RRIS and nine times larger than the CT-RRIS.

Conclusions

This paper presents a rail-to-rail input stages topologies overview. Three
rail-to-rail input stage topologies are analyzed: a simple RRIS (S-RRIS), a RRIS
that uses a Zener diode to control the total current through the differential pairs to
keep the total transconductance constant (CT-RRIS) and a RRIS based on
differential pairs weak inversion operation (WI-RRIS). A summing stage topology
is also presented and a simple model, suited for manual analysis is given for its
output resistance.

The S-RRIS allows a common mode input voltage rail-to-rail swing, with
a total transconductance variation of 50%. It has the smallest current consumption
and the largest output resistance from all RRIS topologies.

The CT-RRIS reduces the g, variation to 15%, but has a much larger
current consumption and smaller output resistance than the S-RRIS.

The WI-RRIS uses weak inversion operation of the differential pairs, to
reduce the current needed to keep gt constant. This way, the WI-RRIS has
lower total current consumption and higher output resistance than the CT-RRIS.
Weak inversion operation provides higher transconductance for a given bias
current, /. However, the weak inversion models are more complicated than deep
inversion ones, so the WI-RRIS manual analysis is difficult. Also, using weak
inversion can led to discrepancies between SPICE simulation and actual chip
performances.
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