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Abstract. This paper presents a new CMOS fully differential current feedback operational amplifier (FDCFOA).
The proposed CMOS realization of the FDCFOA is based on a novel class AB fully differential buffer circuit.
Besides the proposed FDCFOA circuit is operating at supply voltages of £1.5 V, it has a total standby current of
400 pA. The applications of the FDCFOA to realize variable gain amplifier, fully differential integrator, and fourth
order fully differential maximally flat low pass filter are given. The fourth order filter provides 8 dB gain and a
bandwidth of 4.3 MHz to accommodate the wideband CDMA standard. The proposed FDCFOA and its applications

are simulated using CMOS 0.35 um technology.
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1. Introduction

In recent years, fully differential circuit configurations
have been widely used in high-frequency analog sig-
nal applications like switched capacitor filters [1] and
multi-standard wireless receivers [2]. As compared to
their single-ended counterparts, they have higher re-
jection capabilities to clock-feed-through, charge in-
jection errors and power—supply noises, larger output
dynamic range, higher design flexibility, and reduced
harmonic distortion. In this paper, a new fully differ-
ential CMOS current feedback amplifier (FDCFOA) is
proposed. The proposed CMOS realization of the FD-
CFOA is based on a novel class AB fully differential
buffer circuit. The FDCFOA has the advantages of the
single ended CFOA beside the advantages of the fully
differential signal processing. The FDCFOA has many
useful applications like the single ended CFOA [3-13].

The FDCFOA is basically a fully differential device
as shown in Fig. 1. The Y; and Y, terminals are high
impedance terminals while the X; and X, terminals
are low impedance ones. The differential input voltage
Vy12 applied across Y; and Y, terminals is conveyed
to a differential voltage Vx, across the X; and X, ter-
minals; i.e., (Vx12 = Vyi2). The input currents applied
to the X; and X, terminals are conveyed to the Z; and
7Z, terminals, i.e., (Iy; = I,; and I;» = 1,»). The Z; and
Z, terminals are high impedance output nodes suitable

for current outputs. The differential voltage developed
across the Z; and Z, terminals is buffered by a unity
gain fully differential voltage buffer to the output ter-
minals 01 and 02, i.e., (Volz = Vz]z). The block di-
agram of the FDCFOA is shown in Fig. 2. The input
stage FDBI is a unity gain fully differential buffer forc-
ing Vi3 to follow Vy,. The input currents to the X;
and X, terminals are transferred to the high impedance
nodes Z; and Z, terminals by means of current mirrors.
The differential output voltage is obtained by using a
second fully differential unity gain buffer FDB2. There-
fore, the structure of the FDCFOA is based on using
two FDBs and current mirrors.

The paper is organized as follows, in Section 2, the
realization of the FDCFOA is presented. In Section 3,
applications of the FDCFOA in realizing fully differen-
tial integrator, fourth order fully differential maximally
flat low pass filter consisting of two cascaded biquad
sections are given. PSpice simulations of the proposed
FDCFOA and its applications using CMOS 0.35 um
technology are also given.

2. CMOS Realization of the FDCFOA
The structure of the proposed FDCFOA is based on

the proposed class AB fully differential buffer (FDB)
circuit shown in Fig. 3. The proposed FDB is consisting
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Fig. 1. The symbol of the FDCFOA.
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Fig. 2. 'The block diagram of the FDCFOA.

of two matched differential pairs (M1, M2) and (M3,
M4), two pairs of matched biasing current source tran-
sistors (M5, M6) and (M7, M8), two class AB output
stages (M9 to M12) and (M13 to M16) and the biasing
of the output stages (M17 to M19). The differential in-
put is applied to the two high impedance terminals of
the NMOS transistors M3 and M2.

M7 and M8 carry equal bias currents (Ig) while the
equal bias currents flowing through M5 and M6 are set
to (Ig/2). Therefore:

Ivi +Iv2 = In3 + Ivig (1
Ino =Inz @)

From the above equations it follows that Iy;; = Iyy.
Hence, the matched differential pair transistors carry
equal differential and common mode current values.
Therefore,

Vor = Voo =Vip — Vi 3

To maintain a good current drive capability with low
output impedance outputs, class AB output stages are
used. Transistors (M11, M12) and (M15, M16) form
the push pull output stage transistors. The level shift
circuits formed by (M9, M10) and (M13, M14) are
used to realize controlled floating voltage sources that
controls the standby current through the output stage
transistors. The standby current is adjusted by the bias-
ing circuit formed of M17, M18, and M 19. The standby
power consumption of the overall circuit for dual power
supply is given by:

Psg = 2 Vop(3 Isg +2 I + Ko (Vpp — Vi + V1p)?)
4

The last term in the above equation is the current
through the level shift transistors (M9, M10) and (M13,
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Fig. 3. The CMOS circuit of the FDB.
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M14). This current can be kept small by choosing a
small aspect ratio for (M9, M10) and (M13, M14).
The class AB output stage enables the circuit to derive
heavy resistive and capacitive load with low standby
power dissipation and no slewing. It is worth mention-
ing that smaller miller compensation capacitors can be
connected between the gate and drain of transistors
M11 and M15 to ensure good transient response under
all load conditions.

To prevent the drift in the output common mode
(CM) voltage, a common mode feedback (CMFB) cir-
cuit is needed. It determines the output CM voltage
and controls it to a specified value V., (usually mid-
rail) even with the presence of large differential signals.
When dual power supplies are used V., is set to zero
Volt. The CMFB circuit consists of transistors Mcm1
to Mcm10 as shown in Fig. 4 in addition to two resis-

tors (Rem) and two capacitors (Cep,) which are used to
control the CM voltage of the outputs (V,, and V,_).
Transistors Mcm1 and Mcm?2 are employed to isolate
the CMFB circuit from the basic circuit. This is essen-
tial to make the input current of the CMFB circuit equal
to zero. The CMFB circuit generates the CM voltage of
the output signals at node V,, via the two equal resis-
tors (R¢m ). This voltage is then compared to V., using
differential amplifier Mcm3 and Mcm4 with negative
feedback forcing Vo, to follow V.

The operation of the CMFB circuit can be explained
as follows. Assuming the ideal case of fully balanced
output signals; i.e., Vo,y = 0. Since V,,, and V., are
equal, the tail current (Ig /2) will be divided equally be-
tween Mcm3 and Mcm4. Therefore, a current Ig /4 will
be passed via Mcm5, Mcm6 and Mcm?7 to the output
nodes and the circuit exhibits the proper biasing even
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Fig. 4. The CMOS circuit of the FDB with CMFB circuit.
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Fig. 5. The CMOS circuit of the FDCFOA.
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when large differential signals are present. Next con-
sider the case when the magnitude of V., is greater
than V,_ which results in a positive CM signal at V.
This voltage will cause the current in Mcm6 and Mcm7
to increase pulling down the voltages V. and V,_ until
the CM voltage V,,, is brought back to zero. Similarly,

in the case of a negative CM signal, the loop will adjust
the V,y to be equal to V.

From the block diagram of FDCFOA in Fig. 2,
the overall CMOS circuit of the FDCFOA with-
out the common mode feedback circuit is shown in

Fig. 5.
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Fig. 6. 'The variations of the output current Iz and its transfer gain with respect to the input current Ix.
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Fig. 7. 'The differential offset voltage across the X; and X, terminals along with its derivative.
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The performance of the proposed FDCFOA circuit ing input current Iy is connected across the X; and X,
was verified by performing PSpice simulations with terminals and scanned from —500 to 500 A while the
supply voltages 1.5 V and using 0.35 um CMOS differential voltage across Y| and Y, is set to zero. It
technology parameters. Figure 6 shows the floating out- has been found that the magnitude of I follows that
put current across the Z; and Z, terminals when a float- of Ix with a maximum output current of 5 mA with a
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Fig. 9. The DC transfer characteristics of the FDCFOA based variable gain amplifier for different values of R,.
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Fig. 10. The frequency response of the FDCFOA based variable gain amplifier.

gain error of 0.03% for a 2 mA output current. Figure 7
shows the variations of the offset voltage across the
X1 and X2 terminals versus the variation in the input
current applied across X1 and X2 (Ix) when the Vyi,
is equal to zero. The differential X input resistance
(Rx12) is less than 20 €2. The offset voltage is less than
7 mV at I, = 500 nA. Figure 8 shows the voltage
swings Vxi2, Vzi2 and Vg, when the FDCFOA is
used to realize a voltage amplifier with gain of two. The
maximum input common mode voltage is equal to 0.75
V and the common mode voltage of the output is forced
by the CMFB circuit to zero Volt. The maximum DC
differential voltage gain error is found to be less than
0.01% for a 0.75 V differential input. The maximum
differential output voltage is equal to 2.4 V. The power
supply rejection ratio (PSRR) from positive supply to
the output is 92 dB and from negative supply is 96
dB. The differential DC characteristics of the FDCFOA
based variable gain amplifier (VGA) for different gain
values is shown in Fig. 9. Also, the frequency response
of the FDCFOA based variable gain amplifier is shown
in Fig. 10. Itis clear from Fig. 10 that the VGA based on
the FDCFOA experiences no loss in bandwidth (which
is approximately equal to 20 MHz) when the gain is
increased.

3. Applications

The proposed FDCFOA can be used to implement the
fully differential or fully balanced architecture of any
CFOA based circuits. Two design examples are pre-
sented in this section to demonstrate the use of the
proposed FDCFOA.

3.1. Fully Differential Integrator

The fully differential integrator is a basic building block
in realizing continuous time filters [3, 4, 6]. Figure 11

Fig. 11. The fully differential integrator.
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Fig. 12. The output of the integrator along with the square wave input signal.

shows the FDCFOA based fully differential integrator.
The output voltage of the integrator is taken across the
buffered O; and O, terminals and is given by:

1

Vo = ——
© =~ SCR

Vi &)

PSpice simulations results for the FDCFOA based fully
differential integrator are shown in Fig. 12 with a square
wave input of 1 V peak to peak amplitude and a fre-
quency of 100 KHz, where R = 10 K2 and C =250 pF.

3.2. FDCFOA-based Lowpass Filter

The FDCFOA is used to implement a fully differen-
tial version of the Sallen—Key filter. The filter section
shown in Fig. 13 represents a filter circuit that realizes
second order fully differential lowpass filter based on
a single FDCFOA. By direct analysis, the following
transfer function is obtained as:

K
Vo _ RIRCIC;
- 1 1 1-K 1
Vi §°+ S[RICI twre T chz] + /oo

(6)

From the above equation, for equal R and equal C de-
sign, the w,, Q and the DC gain H of the filter are given

RI R2
— Ao
. 1
Tl
Vll‘l
R

B RI R2

— A

1
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|

Fig. 13. The fully differential filter section based on the proposed
FDCFOA.

by:

1 1
=—, Q=-——, H=K 7
®o = P Q T°K (7

Figure 14 shows the simulated frequency response of
a fourth order maximally flat lowpass filter consist-
ing of two cascaded sections of the filter shown in
Fig. 13. The fourth order filter provides 8 dB gain and a
bandwidth of 4.3 MHz to accommodate the wideband
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Fig. 14. 'The magnitude response of the fourth order fully differential filter.

CDMA standard. Also, the input referred noise of the
filter circuit if found to be less than 30 nV/~/Hz .

4. Conclusion

A CMOS FDCFOA has been introduced, analyzed and
simulated. The FDCFOA is based on a novel class AB
fully differential buffer circuit. The circuit is suitable
for wide range, low voltage and low power applications.
The proposed FDCFOA circuit is characterized by the
ability to achieve high gain with low loss of bandwidth.
Application examples in designing variable gain am-
plifier (VGA), fully differential integrator, and fourth
order lowpass filter suitable for wideband CDMA sys-
tems are also provided.
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