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A novel gain boosted folded cascode Op-Amp using simple single stage auxiliary amplifiers is presented.
The proposed auxiliary amplifiers are designed in a way that has proper input and output DC common
mode voltage without using common mode feedback network. The inputs of the auxiliary amplifiers are
insulated by the coupling capacitors and floating-gate MOS transistors. Thus, the DC input voltage level
limit has been removed. Diode connected transistors are also used in the output of the auxiliary
amplifiers, which keep the output voltage level at the desired. A simple single stage auxiliary amplifier
imposes fewer poles and zeroes on the main amplifier compared to more complicated amplifiers where
consumes also less power consumption. Simulation results in a 0.18um CMOS technology show a DC
gain enhancement of about 20 dB while output swing, slew rate, settling time, phase margin, and gain-
bandwidth retain almost as the same as previous folded cascode design.
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1. INTRODUCTION

One of the most popular approaches in designing high
speed operational transconductance amplifiers (OTA) is
the folded cascode (FC) architecture. Its popularity
comes from high unity gain frequency, good output, and
input swing. However, it has limitations to provide high
DC gain which is required for some mixed-mode circuits
like data converters. Active gain boosted folded cascode
(GBFC) is presented first by Hosticka [1]. Through this
technique, the output resistance and total gain can be
increased by the gain of an auxiliary amplifier. This
method increases the voltage gain without degrading its
high-frequency performance. However, the GBFC
introduces a pole-zero pair (doublet), which potentially
leads to slow-settling behaviour of such op- amps [2,3,4].

The well-known active gain-boosting technique
consists of the main amplifier and two auxiliary
amplifiers is shown in Figure 1 [5]. By removing the
auxiliary amplifiers and connecting the gate transistors of
Mss and Myrg to the appropriate bias voltages; a
traditional folded cascode amplifier is shown in Figure 1.
The auxiliary amplifiers should be operated at the
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specific input and output common mode voltages and
therefore they usually utilize two individual common
mode feedback networks [6].

There are also other methods presented in literatures
that focus mostly on increasing the slew rate while their
gain enhancement is not impressive [7-11]. Also, many
applications like switched capacitor circuits demand a
high gain one stage Op-Amp [12,13].

In this paper, a simple differential amplifier with
positive feedback load has been utilized as an auxiliary
amplifier. For this reason, the auxiliary amplifiers do not
need their own common mode feedback circuit. As
described later, coupling capacitors are used at the input
of the auxiliary amplifiers so that there is no limit to the
DC voltage range of the auxiliary amplifier input. Also,
two different types of the auxiliary amplifiers with two
different DC output voltage levels have been utilized for
the purpose of providing proper output bias voltage.

2. PROPOSED AMPLIFIER

Figure 2 illustrates the equivalent half-circuit of the
GBFC shown in previous figure. The body effect is
ignored.
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Figure 1. Conventional boosted-gain folded cascode

Figure 2. Equivalent half-circuit of the GBFC

Using KVL and KCL, the DC gain of the circuit can be
written as:
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where the voltage gain of both auxiliary amplifiers, Ax,
is almost assumed the same and relatively large. Also, res
= ro7 = log IS cONnsidered. As can be seen, the voltage gain
of the GBFC is approximately Ax times of FC.

The input DC voltage level of the first auxiliary
amplifier A1 (Vx1and Vx») is about one overdrive voltage
of M4 & Ms (Vovs) and the output common mode voltage
of A1 should be around at Vess+Vova for the output swing
considerations. The proposed circuit of A; is illustrated
in Figure 3a. As shown in this figure, gates of My & My,
isolated by coupling capacitors C1, and Cz, from the main
amplifiers, and the gate DC voltage level of M1p-My, is
supplied through quasi-floating gate transistors Mz,
&Mz, which act as large resistors to Vs [14].

The output common mode voltage of A; is stabilised
by diode connected transistors Ms, & Mg, without using
individual common mode feedback network at the DC
voltage Vgza which is proper for a driving gate of Ms and
Mg transistors. The DC gain of Az can be obtained by:

Ax = gmy,Ry (2)

-1
Rx = (nga_gm3a+gds5a+gds3a+gdsla) ©)

while the value of gms, and gma, is approximately
selected to 90 and 80 percent of gms, and gmsp,
respectively, to control the probable destructive effect of
positive feedback [15]. In the same way, auxiliary
amplifier A, has the same DC gain as A; and input
coupling capacitors C1, & Cap as shown in Figure 3b. The
output common mode voltage of A; is adjusted by diode
connected Ms, & Mgy at dc level of Vpp-Vsespy Which is
proper for biasing the gates of M; & Ms.

Boosting technique added a pole-zero doublet into
the transfer function of GBFC. It can be shown that the
zero location wz is approximately equal to (1+Ax)ox
where ox is the 3 dB cut-off frequency of auxiliary
amplifiers and the zero is right close to its doublet pole
[5, p.372]. The zero location wz can be written as:

. BMia
~ 813

RCx  Cx “)

wz = Axwy =~ gmy, Ry

where Cx donates the total load capacitance in the output
of the auxiliary amplifier [16].

Hence, increasing the bias current of A1 & A; has
resulted in to greater gmaa; therefore, higher value of zero
location of ®z. The larger ratio of wz to the unity
frequency wu, the smaller the doublet effect [3]. Hence,
with adjusting the tail current sources of A1 & A, (1d9a &
1d9b) slow settling caused by the doublet effect can be
suppressed. The second pole location of the proposed
auxiliary amplifier is far from its unity gain frequency
and can be ignored. However, most of the reported GBFC
amplifiers utilizing extra FC with a considerable
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Figure 3. Proposed auxiliary amplifiers, A1: (Figure 2a) and
Az: (Figure 2b)

secondary pole as an auxiliary amplifier which imposes a
new pole to the main amplifier transfer function. Table 1
summarized the transistor sizes of the presented GBFC
amplifier.

It should be noted that the amount of the Cia, Coa,
Cw, and Cz, should be large enough to ignore the
parasitic capacitors located in the gate of transistors Mia.
2a and M1p-20. FOr example, in Figure 3a, the effect of the
parasitic capacitors located at the gates of M1, and Mz, in
differential mode small signal analysis can be written as:

Cia

=—— ,Cpyr=C . 5
Cla + CPar Par GS1la ( )

Vgia = Evxi; §

In this paper, the value of Cy, is considered to 0.5 pF

which be much larger than the Cpag, so the { value is very
close to one (about 0.98).

3. SIMULATION RESULTS

The two amplifiers were simulated in 0.18um BSIM3v3
level 49 CMOS technology with 1.8 V of supply voltage
by Hspice. The value of load capacitors C 1 & C2is 5 pF
for both of the amplifiers. The frequency response of the

TABLE 1. Transistor sizes(um/pm) and component values

Transistor w Transistor w
Number L Number L
Mo % M1a-Moy Oi5
M;-M, % M3za-Mya %
M3-M, % Msa-Mea %
Ms-Ms = Mra-Mos 93
M7-Ms % Maa 0—622
Ms-Myo 03% M1p-Map %
My, 00752 Msp-Mep 0—15
Mis (1)—153 M7p-Mgp g—i
M4 00752 Mgy 0—622
Mzs % C1a-Coa 0.5pf
M % Ca-Cas 0.5pf
.25
M7 %

amplifiers is shown in Figure 4 which shows DC gain
enhancement of about 20 dB. A simple inverting
amplifier with unity gain shown in Figure 5 is proposed
for transient time simulation where C; = 1.5 pF and R; =

ro.0
0.0
B0 g e S 2
40.0
b | o et

Gain (d2h)

Phase (deg

100.0 100 10,08 100.0k 1mag 10meg  100meg 5
HHZ)
Figure 4. Open-loop frequency response of conventional FC
and proposed GBFC amplifiers
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Figure 5. Inverting amplifier with unity gain
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Figure 6. Step response of the amplifiers with 2.4 Vp.p of
input

TABLE 2. Simulation results summary

Parameter FC GBFC
Power Supply 18 1.8
Power 873 1018
Dissipation

DC Gain(dB) 42.2 61.9
1% Settling Time 76.8 83.4
(nS)

Unity Gain

Frequency(MHz) 58.5 541
Phase

Margin(deg) 88.5 88.1
Diff. Output

Swing(V) 24 24

5 MQ. A square wave voltage with a range of 1.2 V and
a frequency of 2 MHz is applied to its differential input.
The simulated differential outputs of the two circuits are
shown in Figure 6. The simulation results summary is
given in Table 2.

As can be seen, despite the increase in a voltage gain
of the proposed amplifier, the maximum output swing of

both amplifiers is the same. This is because the addition
of auxiliary amplifiers has not caused any change in the
DC operating point of the main transistors (Mo-Mjis) in
Figure 1.

To evaluate the effect of auxiliary amplifiers and
validity of Equation (1), the frequency response of the
auxiliary amplifiers is shown in Figure 7. As can be seen
voltage gain of these amplifiers is about 22 dB which
close to the enhancement gain of the GBFC over the FC.

Also, Table 3 presents the frequency characteristics
of the proposed Op-Amp at different process corners. As
can be seen, the GBFC has at least about 61.2 dB gain
and 88.1° of phase margin at different process corners.
Also, the value of the phase margin is considered under a
capacitive load of 1pF and 10 pF which resulted in 76.7°
and 88.9°, respectively.

The locations of the poles and zeros of the two
amplifiers are shown in Table 4. It can be seen that the
pole-zero doublets (-175 & -246 MHz) are large enough
in comparison to the unity-gain frequency (wu) of the
GBFC where wy is around 54 MHz. As illustrated by Ju
and Lee [17], if the pole-zero doublet natural frequency
is approximately four times the wu, their destructive
effect on the step response can be ignored, which is
almost the case here as well. It should be noted that the
low-frequency pole and zeros below 1 Hz are omitted in
Table 4.
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Figure 7. Frequency response of the Auxiliary amplifiers

TABLE 3. Proposed GBFC performance at different process
corners with CL=2x5pF

TT SS SF FS FF
DC Gain(dB) 619 612 61.8 61.8 62.3
Unity Gain
Frequency 54.1 52 55.3 51.9 58.3
(MHz)
Phase
Margin(deg) 88.1 881 88.2 88.3 88.3
Average 1%
Sett. Time 834 1185 108.3 98.2 81.9
(nS)
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TABLE 4. The location of poles and zeroes

Poles (MHz) Zeroes (MHz)
-0.355
FC -6771
-2280
-175.8324 -175.8270
-246.7793 -246.6072
GBFC
-634.5+423.6i -620.09
-0.0402

Figures 8 and 9 show Monte Carlo simulation results
of 50 runs for the voltage gain and phase margin with a
capacitive load of 5 pF, respectively. As shown in Figure
7, the mean (u) and standard deviation (o) of the DC
voltage gain are 61.95 dB and 0.85 dB, respectively.
Also, as can be seen in Figure 8, the mean and standard
deviation of the phase margin are 87.74° and 0.26°,
respectively. Monte Carlo simulation results show the
GBFC is robust against process variations.
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Figure 8. Monte Carlo simulation results for the voltage
gain of the GBFC

Mean = 8§7.74°
STD =« 0.26
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Figure 9. Monte Carlo simulation results for the phase
margin of the GBFC

Note that both of the amplifiers have almost the same
slew rate, unity gain frequency, phase margin, output
swing range, and settling time while the proposed
amplifier shows DC gain enhancement of about 20 dB.
The power consumption of the GBFC is 1.02 mW while
the FC amplifier consumes 0.87 mW, meaning the
additional auxiliary amplifiers only consumed 0.145 mW
or 14 percent of total power consumption.

4.CONCLUSION

Using two simple single stage amplifiers, the GBFC is
presented. To achieve a proper swing at the output of the
main amplifier, the input and output DC voltage levels of
the auxiliary amplifiers must be set to certain values. The
inputs of the auxiliary amplifiers are insulated by the
coupling capacitors and therefore they can operate at any
input DC voltage level. Diode connected transistors are
also used in the output of the auxiliary amplifiers, which
keep the output voltage level at the desired level without
using an additional common mode feedback circuit.
Simulation results show a DC gain enhancement of about
20dB without degrading the output swing and phase
margin. The slow settling behaviour arising from the
pole-zero doublet is also suppressed since the zero from
the single stage auxiliary amplifier is shifted far from
unity- gain frequency.
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