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A Gain Enhancing Scheme for Op—Amp in High Performance AIPS
Using Negative Resistance Element

Kang-Min Chung’ - Sung-Mook Kim"

ABSTRACT

In the high performance Analog Information Processing Systems(AIPS), gain boosting or additional gain stage is required when the
gain is not sufficient with one stage amplification. This work shows that high gain is neatly obtained by enhancing the gain using the
negative resistance element. Compared to the conventional techniques, the proposed scheme enjoys full output swing, small circuit area and
power consumption, and the applications to various configurations of amplifiers. The negative resistance element is placed between the
differential output nodes when used in the Op-Amp. The HSPICE simulation indicates that enhancement of more than 40 dB is readily
obtained in this simple configuration when the negative resistance element is implemented in the form of cross—coupled CMOS inverters.

Key Words : Op-Amp, Gain Enhancement Circuit, Negative Resistance Element

1. Introduction

in the feedback loopll, 2] or by using replica ampli-

In the state of the art VLSI Analog Information Pro-
cessing Systems(AIPS), high gain Op-Amp is the basic
processing element. High gain is needed to provide stability
and accuracy when the Op-Amp stage is placed in the
feedback loop. However, when the gain is not sufficient
with one stage, gain boosting is required if additional am-
plifying stages are not allowed. Gain boosting was achieved
in complicated ways before, by placing regulator amplifiers
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fiers[3-5]. Techniques utilizing positive feedback are also in
usel6, 7.

These ideas all suffer from the limited output swingfl,
2], increased circuit area and power consumption[3-5] and
the limited usage only to fully differential amplifiers[6, 71.
This paper shows that these difficulties can be overcome
and the gain can be greatly enhanced by using a simple
negative resistance element. When this element is con-
nected in parallel with the output resistance of the ampli-
fier, the overall output resistance increases due to the
compensating role of the negative resistance element.
This element can be readily implemented taking on the
form of cross—coupled CMOS inverters.
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2. The gain enhancing scheme

(Fig. 1) shows the basic scheme for the gain enhanc-
ing circuit. Here, an amplifier with output resistance R, is
connected in parallel with the external negative resistance
element ~Re. G is the transconductance of the amplifier.

Since the element is put in parallel with the output re-
sistance of the original amplifier, the DC gain of the am-
plifier becomes

4, =G, [R, |(=R,)] 1)
¢ BCR)
" (R,-R,) 2

Consider a very large negative resistance, larger than
Ro. From eq.2, the gain is positive and the value is close
to DC case. As one moves the negative resistance toward
a smaller value, it approaches R, and the denominator of
eq.2 becomes small. The negative resistance begins to
compensate R, and the gain increases. When R. becomes
equal to R, the gain becomes infinite in principle. As Re
passes R,, the denominator becomes large and the gain
begins to decrease. This time, the gain becomes negative
and there occurs the 180 degree phase reversal. When R.
becomes much less than R,, the gain becomes |Ay=GmRe.

(Fig. 2) shows the variation of the DC gain of an
Op-Amp in terms of negative resistance. The variation is
shown as a function of normalized negative resistance,
ie., Re/Rex. Rex is the value of the negative resistance of
the element when there is the exact match between the
output resistance of the amplifier and the negative resist-
ance of the element. This is the value of the negative re-
sistance giving the peak gain. Note that there is a sharp
increase of gain exceeding 120dB at Re/Remax=1. Note also
that when the negative resistance is large, the gain
equals that of the original amplifier, but when it becomes
small, the gain equals that approximately GpRe.

To implement the negative resistance element, consider
an inverting amplifier of any type with the transconduc-

external

Gm Vin Ro -Re

(Fig. 1) The basic configuration for the gain enhancing circuit
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(Fig. 2) The gain enhancement in terms of Re/Re max

tance Gminv and the output resistance Rojnv. The inverter
is normally biased at the switching threshold Vg/2. Then
consider a cross—coupled inverter pair. The signal circu-
lating inside the pair is equivalent to the one propagating
through a long chain of inverters. When the inverters are
driven in a positive feedback and Gminw Wins over Ry,
the circuit forms the negative resistance element[8]. In
this case, when one places a voltage source having in-
ternal resistance between the output nodes of the pair,
the internal resistance is reduced and the voltage differ-
ence at the output nodes of the inverters is amplified.
This is the way the element can be utilized for the en-
hancement of the gain of amplifiers.

3. The negative resistance element

In principle, any type of inverting amplifier can be em-
ployed to implement the negative resistance. For the fully
differential amplifiers, for instance, one may employ the
negative resistance element with cross—coupled inverters
as shown in (Fig. 3) This element is usually employed in
VLSI circuits to speed up the node with large parasitic
resistance[8]. Lately negative resistance is used in the
LC-tank Voltage Controlled Oscillators(VCO) currently in
wide use for mobile telecommunications to compensate
the losses in the LC-tank[9]. This element can be readily
inserted into the fully differential amplifier circuit with
the output nodes o(+) and o(-) providing the inputs of
the cross—coupled inverters.

ol+)¢ y 0 (=)

P2y

(Fig. 3) The negative resistance element



DAS APS LHO AIMEZEV|0 [HEH0T BN S AX}

As far as the scheme is concerned, it does not discern
any sort of inverting amplifiers. Therefore, regular CMOS,
NMOS, and even bipolar amplifiers can be employed for
the scheme. For the discussions to follow, we focus on
the CMOS inverting amplifier, whose negative resistance
is easily matched to the output resistance of the original
amplifier by choosing adequate W/L ratio for n and
p-devices.

4. Application of proposed scheme to the opera-
tional amplifiers

4.1 Two-stage operational amplifier

One may test the proposed scheme for any type of
amplifying circuit. For instance, the usual fully differential
Op-Amps, such as folded cascode, telescopic amplifiers
can be good examples to test the scheme. These ampli-
fiers will be discussed later. Here as the first example, an
Op-Amp test circuit is taken from[10] as shown in (Fig.
4) This is the class A/AB 2-stage fully differential am-
plifier employed for low voltage operation.

The gain enhancement in this amplifier can be im-
plemented in several ways. The first one is to enhance
the output resistance of the first stage. The second one
is to enhance the second stage. The last one is to en-
hance both stages. The first one can be achieved by in-
serting the negative resistance element between the drain
of input p-transistors. The second one can be done by
inserting the element between the differential output of
the amplifier o(+) and o(-) The third one can be done by
combining the above two configurations.

The open loop DC gain of this amplifier is written as

A4,=4, -4, 3)

}—T—ié l<+>—|é \:’n—rw %;E
v [T Ve
s €
of-2 ﬂ >< n e Of+)

ﬁj— i@?i —i ﬂi

(Fig. 4) The two-stage Op-Amp
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= [gmilp(’:zln ” rolp )] : [(gmiZn + gmi2p )(roln ” ro2p )] (4)

Here gmip and gmizn, gmizp are the transconductances of
input p-transistor of the first stage and input n and
p-transistors of the second stage respectively. foin, Tolp
and rom, Tozp are the output resistances of n and p-tran-
sistors for each stage. The output resistance of each
stage, (fomllrorp) and (remllreze), can then be compensated
by employing the adequate negative resistance element.
The gain can be further enhanced by using two elements
for both the first and the second stages.

The initial design of the amplifier gives the open loop
DC gain of 66 dB. To enhance the gain, the negative re-
sistance element was inserted for the second stage ie,
between the differential outputs of+) and o(-) of the
amplifier. After employing the negative resistance element,
the gain increases to 110 dB. This is shown in (Fig. 5)
The dotted gain is the one without gain enhancer and the
solid gain is with the gain enhancer. This is from the
HSPICE simulation. The load capacitance Cp is 5 pF.
Employed Vg is 1.8 V for the following discussions. The
gain could be further enhanced by compensating the out-
put resistances of both stages by employing two negative
elements. When the first stage is also enhanced, the gain
increased to 150 dB.

A semi-qualitative guideline can be presented as fol-
lows to estimate the size of the inverter transistors in the
negative resistance element. Consider the compensation at
the output nodes of the second stage for instance. The
output resistance (rollrs,) needs to be canceled by a
negative resistance -Re. Then Re=(romllrez) should hold.
For the inverter in the negative resistance element, the
following condition should be satisfied when the negative
resistance action occurs and cancels the output resistance
exactly[8]:

]
w/ gain enhancef

i enhand

40 t--oooeees i S

Volts dB (Iny

? T
1 10 100 ik 10 10K % 102 100% ALl
Freauency {log) (HERTZ)

(Fig. 5) Gain enhancement for the two-stage Op-Amp
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(g.+g,)R >4 )

Therefore the minimum required transconductance is
written

g +g 4 4
"I R, (ny, 7)) 6

The inverter transistors are in saturation during the
negative resistance operation. Utilizing g, = 20W /L)uC, 1, ,
the required aspect ratios of inverter transistors can be
obtained from the following relation:

4
27D, Gl + P T, 1.l ol M
o2n 1 702p

Ipn and Inp are the bias currents of n and p-transistors.
In case one allocates equal portion of transconductance to
the n and p-transistors, ie., gm=gm, (W/L), becomes

&) 2]
L), 2u,C. I, | lirs,) 8)

Then based on the assumption gm=gmp, (W/L), can be
found correspondingly from the following relation:

W iL),  ul,
wiL), ul, 9)

Eq.8 presents an important insight regarding the ap-
plicability of the proposed scheme. When (rollres,) is
high, the RHS of eq.8 becomes small and the W/L ratio
is low for the n and p-transistors. The channel length L
should be taken large correspondingly. This is not a
problem for the 2-stage amplifier when the output resist-
ance of each stage is moderate, and the output resistance
can be canceled with adequate W/L ratio. However, this
may not be the case for the cascode (folded or telescopic)
amplifiers having high output resistance. The output re-
sistance is gml, times higher in these amplifiers compared
to the uncascoded amplifiers. To compensate such output
resistance, extremely large L may be required. In this
case, one should utilize the output resistance of un-
cascoded transistors for the compensation rather than the
output transistors. This point will be discussed further in
the next section for the cascode Op-Amp.

The cross—-coupled negative resistance element can be
employed for any sort of amplifier configuration. For in-

stance, this element can be also used for the single ended
amplifiers as well as the fully differential amplifiers. For
this purpose, the element is used for the input differential
stage, and compensates the output resistance of the stage.
This will be shown later for the low cost simple
Op-Amp.

4.2 Cascode Op-Amps

For the cascode amplifiers, there is an important con-
sideration to note! as the device is closer to the output,
the output resistance is larger due to cascoding, and the
channel length of the canceling inverter is unreasonably
large as eq.8 indicates. These cascoded devices cannot be
utilized for the scheme that cancels with negative
resistance. Rather the devices useful for the gain en-
hancement are the ones closer to the supplies, ie., the
uncascoded devices and if one applies the scheme to
these devices, the Op-Amp with maximum gain can be
designed with reasonable channel lengths. This will be
discussed for a folded-cascode Op-Amp shown in (Fig. 6).

The DC gain of folded-cascode Op-Amp is given as

A4, = 8,85 + &8ss s (5y 11,118 s + Eiss istoo 1} (10)

(8 + s s i 177 (3 + B MaiTas

=8n
' (&ns + s Vs T 17,7 + (813 + &3 Moo (11)
_ . (s + 85 ) (&3 * L)
=8m 1 i
+ — + —_— ]
(&8s + &uuss) s (&3 + &ria) oy (2

This gain is maximized when enhanced by reducing the
denominator of eq.12 to 0. There can be 3 cases for im-
plementing this. The first two cases are compensating I

__ (8o + Buws os Uy 1 727)
(&3 + 8moz) 7o and

with negative resistance

_ (8 + Bt Vorloilis
. . 3 =
compensating ro7 with (&os + &ts MinTos (& + & Vi -

M7 Vb3
— B M8
Vb2
%3 M6
Vout
— 0 M1 M2 Vb1
vin M3 A M4
Vb5 —| o Vb4
M10

(Fig. 6) Folded-cascode Op-Amp
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To implement this scheme, one takes the following
strategy: For the first case for instance, (1) connect the
negative resistance element —R, in parallel with 1,
thereby making the total output resistance negative and
(2) equate (-R,|l7,6) to —R,. Increase of gain exceeding
40 dB is obtained for the first two cases by this method.
The third case corresponds, from eq.l12, to increasing ro
and res indefinitely and is not handled with the negative
resistance element technique.

Note that the first two cases imply the negative re-
sistance elements should be placed at the proper nodes,
other than the output node, to make the channel length
for the inverters in the negative resistance inverter rea-
sonably small. For this reason, the negative resistance el-
ement is not placed at the output node but placed be-
tween the drain of transistors M9 and MI0O (A) or M7
and M8 (B) in (Fig. 6). This corresponds to the first two
cases involving uncascoded output resistance ro7 and ro
which can be handeled with moderate W/L ratio of neg-
ative resistance inverter.

This consideration is also the case with the telescopic
amplifier. This amplifier is shown in (Fig. 7). The small
signal gain of the amplifier is given as

4, =g g7 )(g,ss,)] (13)

8 ms8mslorlos?oslo7

=&

8usloilys + Gusloslis (14)

Vb1 v

M7

B —

Vb2 |‘j

M5 M&

— Vout —

M3
— A —
— [ M2 ]

VIN

vha __{ Mss

(Fig. 7) Telescopic Op-Amp

The denominator can be made 0 by compensating ro,
_ BumsTosTor _ 8umstostor
I3, Tg7, Tes Wwith the values it &l

Emilortos Em3tor%o3

>

EmsTos EmsTor

respectively, in a similar fashion

for the folded cascade amplifier. Among these, the first or
the third setting can be employed since in the cascoded
configuration, the output resistance rg or res of the output
transistors Mz and Ms cannot be isolated. Instead the
cascoded resistance (gmirol) T3 and (gmirer) T appear at
the output and should be canceled. As discussed pre-
viously, this requires very large channel length for the
canceling inverter. Therefore one should seek to utilize
the uncascoded transistor with moderate W/L ratio to en-
hance the gain of the amplifier. For instance, when the
element is placed at the drains of bottom n-devices Ml
and M2(A), the simulation indicates the gain is enhanced
from 61 dB to 129 dB. When the element is used at the
drains of top p-devices M7 and M8(B), the gain increases
to 109 dB.

4.3 Simple differential ampilifier as an Op-Amp

Using the technique of output resistance cancellation by
negative resistance, it is noted that the simple differential
amplifier can be transformed into a high gain Op-Amp.
This is an important point and is the key advantage of
the proposed method. For this purpose, one may employ
the usual simple differential amplifiers as in (Fig. 8).

Consider the amplifier (a) The gain of the amplifier is
given as

4= Bm
gdl +gd3 (15)

Initially this amplifier has the differential gain of 32dB
by design. The denominator is canceled using a negative
resistance element. After canceling the output resistance,
the gain increases to 80dB. This is shown in (Fig. 9).
Dotted curve is the gain of the unenhanced amplifier and
the solid curve is that of the enhanced amplifier. This
indicates that the simple differential amplifier can work as
an economical low cost high gain Op-Amp. The phases

M4
vb1 M3 Mé
vout
= —
in vin
vb2 —| [M5 vb —| [M5
WV \V

(a) (b)

(Fig. 8) Simple amplifiers (a) fully differential
(b) single ended



536 FEMEIETI=EX A H12-AT HMBEZ(2005.12)

Wt

=

gain. eohanger

Volts dB {lin)

Without gain enhancer

10

.................................................................................................

Volts Phase (Iin)

s | GE=Gain Enhancer

.
————— i (EnaettT CERERCEEE EERREEREE SRR

T
1 10 100 1k 10k

Freauency (log) (HERTZ)

T T
100k 1x 10x 100x 19

(Fig. 9) Gain and phase of the differential amplifiers

are also shown. It is noted that the phase deterioration is
negligible(only 1 degree) at the unity gain frequency 670
MHz due to gain enhancement. This implies the stability
is sustained when the proposed scheme is employed for
the Op-Amp.

The scheme of increasing differential gain by canceling
the output resistance with negative resistance element can
apply also to the single ended configuration of the ampli~
fier shown in (Fig. 8Xb) This time, the negative resist-
ance inverters are connected between the output of the

amplifier and the drain of M3 which is diode connected.
In this case, typical simulation indicates that the un-—
enhanced gain of 40dB increases to 121dB when the
scheme is used.

The proposed negative resistance scheme of this paper
enjoys several advantages over the previous works[1-7].
The regulator amplifier techniquell, 2] is basically equiv-
alent to the cascode configuration and therefore suffers
from the voltage headroom issue at the output. Having no
extra device along the output signal path, the proposed
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scheme does not have this problem. The replica amplifier
technique[3, 4] duplicates the amplifier circuit, therefore
doubling the circuit area and power consumption. For the
N-transistor amplifier, the total number of transistor re-
quired in this method is 2N. Meanwhile the number of
transistor in the proposed scheme is N+4. Power con-
sumption due to the negative resistance digital inverters
is negligible, less than 5% of total power in most cases.
The method suggested in [6, 7] obtains positive feedback by
cross—connecting the active load p-devices symmetrically.
Therefore this method applies to the symmetric fully dif-
ferential amplifiers only. However, the proposed scheme in
this paper is based on the cancelation of the output re—
sistance of the stage, thus applying virtually to all types
of Op~Amps,, ie, to the single and multi-stage amplifiers
and also to the asymmetric single ended amplifiers as
well as to the symmetric fully differential amplifiers. This
can be cited as the most important advantage of the pro-
posed scheme.

For the wide-band amplifiers, the proposed scheme has
also a significant advantage. For the wide-band ampli-
fiers, the gain is correspondingly lower and it would be
very beneficial if there exists a scheme which may im-
prove the gain without sacrificing the bandwidth. In this
respect, the proposed scheme is attractive especially for
the wide-bandwidth operational amplifiers. One designs
for the wide-bandwidth amplifier and then enhances the
differential gain by inserting a couple of inverters without
reducing the bandwidth.

The gain enhancement for the simple differential am-
plifier proposed in this paper is compared with previous
work in <Table 1>.

Note that if the inverters in the element are biased
close to the common mode of the Op-Amp at half the
Va4, there can be short circuit overlap currents and DC
power consumption due to negative resistance element
exists. However, the extra-power the negative resistance

(Table 1) Comparison with previous work

Reference (6] This work

Gain after enhancement 84dB 80dB
Gain before enhancement 68dB 32dB
Gain Enhancement Ratio 1.23 25
Single ended config. No Yes
Phase margin 59deg. 9ldeg.
Power consumption 14.4mW 0.94mW
Supply voltage 1.8V 18V
Technology 0.2lum CMOS 0.25um CMOS

il
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element carries would not be a significant problem and
can be minimized since, due to the asymmetric transfer
characteristic of the inverters in the element, the realistic
location of the switching points is considerably off the
common mode level of the Op-Amp at exact Va/2 where
the DC power consumption is nominally maximum.
Therefore the extra-power can be kept at the minimum
level and is typically on the order of only 10% of the to—
tal power consumed by the Op-Amp alone.

5. Conclusion

The discussion in this paper showed that the gain of
Op-Amps can be enhanced by using the negative resist-
ance element. The negative resistance element is im-
plemented with cross-coupled CMOS inverters. When this
element is connected in parallel with the output resistance
of the amplifier, the overall output resistance increases
due to the compensating role of the negative resistance
element. When adequately designed, this element provides
sufficient additional gain exceeding 40dB. While enjoying
minimal penalties in circuit area and power consumption,
this scheme does not introduce additional poles and does
not deteriorate high frequency settling behavior. Therefore
this scheme can be a viable alternative to the conven-
tional techniques such as regulator amplifier in feedback
loop or replica amplifiers.
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