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Abstract: A modified version of the flipped voltage follower (FVF) with
class AB operation and very low output resistance is presented. Instead of
passing one of the large bidirectional output currents through the voltage
following transistor, which considerably degrades the output resistance as
in other variations, the proposed circuit maintains a constant current in this
device and, hence, a very low output resistance. Complementary-type output
transistors that depend on the same signal give the circuit the ability to
provide large bidirectional currents at high frequency. The implementation
only requires an additional resistor and one connection change, with no
additional power consumption. Simulation and experimental results of the
fabricated circuit in a 0.5 pm technology show an output resistance of the
proposed circuit of 12Q, with an enhancing factor of 60 with respect to
previously reported variations.
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1 Introduction

Over the last few years high performance voltage followers with attractive features
have been proposed. Some of these followers are based on the commonly known
Flipped Voltage Follower (FVF) [1], which offers very low output resistance.
Designers have used this practical building block to enhance the operation of
numerous implementations comprising Winner-Take-All (WTA) circuits [2, 3],
current conveyors (CCII) for mixers [4], rail-to-rail differential amplifiers [5],
and transimpedance amplifiers [6]. The schematic of the FVF is shown in Fig. 1a,
and it offers two main advantages:

- Large sinking current: the shunt feedback permits node ‘x’ to adjust its voltage

level and, thus, the gate-source voltage of M1 for it to be able to sink large currents.
- Very low output resistance: the output voltage mainly depends on the input

signal; M2 has a constant biasing current [z and hence, a constant gate-source
voltage —neglecting body effect,- thus reflecting the input voltage at the output node
level shifted by Vs, and operating as a voltage following device, where Vgo is the
gate-source voltage of M2. Voltage variations at node ‘x’, due to current sinking by
M1, are also reflected at the output node; however, these are attenuated by transistor
M2 by a factor g7z, thus offering a very low output resistance of ~1/g,1€m202,
which ranges around a few tens of ohms. Here, g,,1, g2, and r,, are the trans-
conductance gain of M1 and M2, and the drain resistance of M2, respectively.
Unfortunately, the current-sourcing capability of the circuit is limited to /p,
when M1 turns off, making it a Class A circuit. Several class AB variations have
been proposed; some of them include additional devices to provide large sourcing
currents, such as transistors in parallel with M1 [1], or additional feedback loops
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[7]. Unfortunately, these implementations result in asymmetrical current sourcing/
sinking capability and slew rates. Others use the voltage variations at node ‘x’
to provide both sourcing and sinking currents, which gives the circuit symmetric
operation.
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Fig. 1. Classification of voltage followers: a) Flipped Voltage Follower
(FVF) [1], class AB modification of FVF using b) a floating
battery [8], and c¢) a bulk-driven technique [9]. Also shown is
d) the Folded FVF (FFVF) [10], e) the proposed class AB
version with very low output resistance, and f) the proposed
low-voltage version.

Fig. 1b shows the floating-gate technique reported in [8]. Capacitor C is
included in the shunt feedback loop and operates as a floating battery of value
Vbat, which has the ability to swing up and down to adjust the gate-source voltages
of M1 and M3 complementary to provide large sourcing/sinking currents as
required at the output. The large resistor R;,,, typically a transistor in cutoff or
subthreshold region, impedes the capacitor to charge/discharge rapidly and main-
tains the value V;,. Unfortunately, it does not offer class AB operation at
frequencies below 1/R;,,C. Fig. 1c shows a bulk-driven technique proposed in
[9], where the transistor M3, conventionally used as the current source, has its bulk
terminal connected to node ‘x’. Variations at this node change the source-bulk
voltage of this transistor, Vg3, which gives the ability to provide large sourcing
currents at the output. However, the supply voltage is limited as large values of
Vsps result in excessive static currents and power consumption. Even though they
offer large sourcing/sinking output currents, these two approaches have a common
drawback; the sourcing current passes through the voltage-following transistor M2.
When the circuit is sourcing large currents the output voltage is affected not only by
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the input signal, but also by the gate-source voltage variations of M2. This results
in a degraded output resistance of ~1/g,». In their respective references, only the
immediate response of these techniques using a square input signal is reported;
although a sustained behavior is also of interest.

2 Proposed class AB flipped voltage follower

The modified version of the FVF that provides large currents in the opposite
direction is shown in Fig. 1d, denominated Folded Flipped Voltage Follower
(FFVF) [10]. Here, M1 is replaced with its counter part, maintaining the gate
and drain terminal connections —the source terminal is connected to the respective
rail.— For a class AB implementation, these two topologies may be combined to
allow large bidirectional currents. The proposed circuit is shown in Fig. le, where
M1 (corresponding to the FVF) and M3 (corresponding to the FFVF) provide large
sinking and sourcing currents respectively, whereas M2 remains as the voltage
following device with a constant current. A resistor Rj,; is included to induce the
battery voltage V', between the gates of M1 and M3 in order to set their biasing
point, according to the expression:

Vsuppty = Vscz + Vear + Vasi (D

Where the battery voltage is defined as Vj,, = IgRp,. It uses the same biasing
current from M2, thus, it does not require additional power. V},, operates as the
battery conventionally used in class AB operation, giving complementary voltage
variations to the gates of M1 and M3 and, therefore, their currents. Additionally,
M2 maintains a constant current /z and, hence, an output resistance of
~1/gni8maron, contrary to the case of those in Fig. 1b and lc. Note that it is
similar to the FFVF, it only requires the addition of R, and the shunt feedback of
the gate of the transistor used as the lower current source. Observe that the
proposed circuit operates with supply voltages of Ve, > Vsgs + Visi. However,
it may be modified as shown in Fig. 1f to implement a negative value for Vp,,
so that Vpi = VsGs — Viar + Vis1, making it suitable for low supply voltages.
Additionally, note that the biasing current in M3 depends on Ry, and Vs
therefore, mismatch values of Rp,; due to fabrication process, or deviations in the
supply voltage, might increase the current in this transistor and hence, the power
consumption. This might be overcome by considering smaller values of Iz in M3
(i.e. Ip/2). Thus, one can design the circuit considering the deviations in the
previous parameters to increase the current in M3 up to /p, or decrease it down to
~0. In either case M3 is able to provide current if required.

DC operation: Under static conditions, M1 sinks the currents /z and the drain
current from M3, Ip;. This sets the gate-source voltage of M1, Vg which, level
shifted by Vj,,, defines Vg3 according to (1). Note that (1) may be rearranged as
Veuppty = VSsar3 + Viar + Vpssart + Vrun + Vrup, where the saturation voltages are
Vbssan = (s + Ip3)/K1) and Vpssas = ((Ip3)/K3); and constants K and Kj are
K1 = /2unCoin(W1/L1) and Kz = (1/2)upC,op(W3/L3). Considering these
equations, currents /g and /p; may be selected to find the previous saturation
voltages and, hence, find Ry, = Vipur/Ip.
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Frequency analysis: Similar to all the other implementations, the shunt feed-
back loop of the proposed circuit requires frequency compensation to avoid
oscillation. Referring to the open loop analysis described in [1], when opening
the connection of gates of M1 and M3, and applying a testing voltage to both of
them, we find the dominant pole at node ‘x’, and the first non-dominant pole at
the output. Small signal analysis shows that the resistance at that node is defined
as R, = (roa + R+ Rpur) /€malor ® 2/gma assuming r,n & Rp and Ry, << (702, Rp)
where Rp is the drain resistance of the transistor used as the current source /5. The
resistance at node ‘x’ is given by R, = Rp || (Rpar + Emaro2(ro1 || 703)); as the
resistance seen at the drain of M2 corresponds to a cascoding scheme, and much
greater that R, this relation results in %Rz || (gm2702(Fo1 || 703)). The gain band-
width product is given by:

GB = Aoy, = 8m2ro2(@m1 + &m3)(ror Il 703) _ &m1 + &Gm3
o Cy(RB || (gm2ro2(ro1 |l 703))) Cy

The condition typically used to achieve enough phase margin to ensure stability is

2

2GB < wy,, which in this case results in C,/Cy > 4(gu1 + &m3)/gm2, and can be
easily achieved by adding a small compensating capacitor Cc at node ‘x’.

3 Simulation and experimental results

The proposed and conventional circuits in Fig. 1 were simulated using Spectre, and
fabricated in 0.5 um C5N technology through MOSIS. The nominal threshold
voltages are Vyyy = 0.7 Vand Vygp = 0.9V, and the transistor sizes are 45/1.2 and
135/1.2 pm/pum for the NMOS and PMOS respectively. The circuits were tested
with a supply voltage of Vpp — Vss = 2V and a biasing current of 50 pA, which
results in a drain-source saturation voltage of 0.15V. The proposed circuit in
Fig. le was implemented with /Ip3; = 35 pA, resulting in Vpge = 0.2V and
Vpssars = 0.12 V. These values, following the analysis in the DC operation section,
result in Rp,; = 1.5kQ. A compensating capacitor of C. = 1 pF was connected to
node ‘x’, considering a loading capacitor of C;, = 15pF. All the signals applied at
the input of the followers where mounted on a dc voltage offset of 1 V. Fig. 2 shows
the simulation and experimental response of the proposed circuit in Fig. le for an
input signal of V; = 250 mV,,, at 1 MHz. It shows simulated slew rates of SR+ =
23 V/ps and SR— = 20 V/pus, whereas it has experimental slew rates of SR+ =
14V /us and SR— = 13 V/us; the difference is assumed to be due to parasitics in
the setup.

Fig. 3 shows a comparison between the FVF, the FFVF, and the proposed
circuit in Fig. le. A dc level shift was added intentionally for visualization
purposes. An input signal V; = 200mV,, at 10kHz was applied while driving a
load resistor of R; = 300 Q. Note that the FVF and FFVF have limited response in
one peak as they are bounded by the biasing current in the corresponding direction,
whereas the proposed circuit is able to follow the input signal throughout the entire
range, thus providing class AB operation. To test the output resistance, the input
signal was kept at a dc voltage while bidirectional currents were applied at the
output node in order to observe the voltage variations caused by these currents.



IEICE Electronics Express, Vol.15, No.4, 1-7

12 | |
| f
o iUL ] -
H Vo
; 1
n Vo
091 uv h—
b I
'—300 S ‘/ D3
3200 =
E
0.5ps|
E . b i40mv
b :‘;‘; i - :_ﬁj'—w-
i

15 2 25
Time [ps]
(a) (b)

Fig. 2. a) Simulated transient response of the proposed circuit in
Fig. le for V; =250mV,, at 1 MHz with C; = 15pF, and
b) experimental results where x-axis is 0.5 us/div, y-axis is
40 mV/div.

Fig. 4 shows the output resistance of circuits in Fig. 1b, 1c and le for an applied
current at the output from —300 pA to 300 uA at 1kHz. Circuits in Fig. 1b and
¢ have large voltage variations of 0.7 V showing an output resistance of 1.2kQ,
whereas the proposed circuit in Fig. le shows very small variations of only 12 mV,
thus maintaining a very low resistance of 20 Q, offering an enhancing factor of
60.
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Fig. 3. Output voltage of the FVF, FFVF, and proposed circuits
when driving a loading resistor of 300 Q (x-axis = 25 us/div,
y-axis = 30 mV/div).
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Fig. 4. Output resistance of conventional and proposed circuits when
applying a current at the output from —300 to 300 pA (x-
axis = 100 mV/div, y-axis = 240 pA/div).

4 Conclusions

A simple modification of the conventional FFVF to provide class AB operation and
maintain a low output resistance with one additional device and no additional
power consumption was discussed. It was proven that Class AB operation is
achieved with respect to the conventional versions FVF and FFVF, and that very
low output resistance is maintained, contrary to the case of other class AB versions
reported.




