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Abstract — An input-output rail-to-rail buffer amplifier is
presented that is low noise, fast, and operates at ultra low
currents. The amplifier targets energy harvesting applications
that require low cost, high volume, and rugged manufacturing by
avoiding use of non-standard device configurations or special
processes. The main contributions of this work are: (1) The
method of lowering voltage output noise by narrow-banding an
amplifier, while introducing a time dependent bias current boost
that is triggered by large differential input signals. Narrow-
banding an amplifier to reduce its output noise, slows its dynamic
response, and this method aims to restore and boost both the
amplifier's slew rate and settling time. (2) Amplifier can operate
at low Vpp of about Vgst+2Vpg, while running in subthreshold,
based in standard 0.18u digital CMOS. (3) PMOSFETs are
utilized as inputs, compensation capacitors, and bias resistors in
both the amplifier and the boost stages, which helps optimize for
yield and lower noise. More importantly, the dynamic response of
both the main amplifier and the boost stage being substantially
dependent on PMOSFET device parameters, facilitates a
smoother dynamic response in and out of boost, over process and
operating variations. Based on montecarlo (MC) and worst case
(WC) simulations, the following specifications are achievable:
voltage output noise (VOnoisg) of 10 uv/Hz*1/2 at 1IKHz, supply
current (Ipp) ~ 500 nA; Vpp minimum ~0.6V; rail-to-rail voltage
input (Vy) range and output voltage (Voyr) range of ~ +/- 25mv
from the rails; output resistor load (R;) ~2k Ohms; output
capacitor load (Cp) ~1nF; slew-rate (SR) -/+ ~ 4/2.5 v/us; settling
time (tg) ~ Sus to 1%; power supply rejection ratio (PSRR) -/+ ~
80dB/85dB, common mode rejection ration (CMRR) ~ 125dB,
unity gain bandwidth (fy) ~ 20KHz with phase margin (PM) ~ 75
degrees; open loop gain (G) ~ 85dB; preliminary area estimate of
~ 180 um per side.

Keywords— low noise, fast, batteryless, ultra low current,
amplifier, class AB, buffer amplifier, minimum current selector,
resistorless, subthreshold, loser take all, slew rate boost, rail to
rail, high speed, WSN, self powered IC, RFID, adaptive biasing,
internet of things, smart dust, IoT, energy harvesting, wearable
electronics, sensor array, wireless sensor network, FCTA, FCS,
smart sensor array, low power, low power supply, dynamic
biasing, resistorless, power aware, current boost, current mode,
CGA, CSA, current inverter.

1. INTRODUCTION

Amplifiers are core building blocks in integrated circuits
(IC), and one of their most important categories are class AB
amplifiers which are broadly covered in prior art [1]-[7][14].

Readers can also refer to prior art for use of adaptive
biasing or slew rate enhancements in amplifiers, generally with
the objective of keeping the static power consumption low but
increasing the amplifier's slew rates by means of dynamically
raising the bias current when the amplifier's inputs experience
large signals [8]-[12][14].

TABLE I: AMPLIFIER TYPICAL SPECIFICATION & COMPARISON

Typical Specs | [13] [12] [11] [2] This  work
Sim' SiO, | Sim' Sim' Sim' Figure
CMOS (um) 0.18 | 0.18 | 0.18 | 0.18 0.18
Area (um?) np 622 np 120% | ~180? 2
Vonoise 1KHz np np np 1400 10 9
(uV/VHz)

Vpp min (V) 1.8 np 0.6 0.6 0.6 3
Ipp (nA) 8E5 325 1E3 330 500 43
AVigaLs(mV) | £200 np 0 0 0 6,7,13

AVogars(mV) | +200 np +28 +25 +25 15,16
Vos (mV) np np np +3 +5 5,6,3
Iprive (MA) np np np +0.2 +0.5 7
Ri—min () np np np 5K 2K 7
CL—max (PF) 2 10 np 5 1000 9,15,16
Ay (db) 53 60 51 78 85 8,9
fy (MHz) 300 | 0.01 | 0.04 1 0.02 8,9
oy (%) 81 90 65 40 75 8,9
PSRR,/—(dB np np np 83/91 85/80 11
CMRRp (db) np np 65 98 125 10
SR_(v/uS) 1280 | 0.5 0.12 2 4 13,15,16
SR (v/uS) 1280 | 0.6 | 0.12 2 2.5 13,15,16
Ts+/- (HS) 6ns np np 3 5 14,15,16

Next generation energy harvesting, and wireless batteryless
electronics are emerging applications, that require ultra low
power. All else equal, operating analog ICs at ultra low
currents present some challenges such as high noise, slow
dynamic response, and limited temperature spans. Moreover,
subjecting an amplifier to low Vpp, limits its DC input-output
span, and may require more expensive fabrication or special
devices, such as depletion FETs, to free up the needed head-
room to meet the required signal to noise ratios. The objective
of this work is to present a method to solve most of the
aforementioned challenges using low cost, rugged, and
abundantly available standard digital CMOS manufacturing
that also accommodates ease of process node portability.

II. CONTRIBUTIONS OF THE PROPOSED DESIGN

The contribution of this ultra low power amplifier is a
method (patent pending) of suppressing Voygisg by narrow-
banding an amplifier, while independently reinvigorating the
amplifier's narrow-banded dynamic response via boosting both
its' slew rate and settling time, and here is how. PMOSFET
capacitors are coupled to the high impedance node of an
amplifier's gain stage to low pass filter its Voyoisg-
Concurrently, a boost function can be triggered when the
amplifier is subjected to large differential input signal. As
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such, by rapidly injecting a time dependant current into the
amplifiers bias network, the amplifier's slew rate is boosted.
When inputs approach balance (coarse equalization), a boost
signal is triggered off. But here, instead of shutting down the
boost current rapidly, a slow decaying current continues
feeding the amplifier's bias, until it fades off. This boost-off
phase accompanied with a decaying current (which is initially
sizable enough when compared to the otherwise statically ultra
low current operant in the un-boosted mode, and) roughly
follows a single pole trajectory that helps boost the amplifier's
settling time. It goes without saying that the whole amplifier
operates in the subthreshold region when it is un-boosted, but
its' input, transconductance gain, and output buffer stages
transition in and out of saturation during the intermittent
boosted states. It is also of note that PMOSFETs are used at
inputs, and also as active resistors to set the bias currents for
both the amplifier and the boost input stages, which establishes
both their input's transconductance (gmpygs). Moreover,
PMOSFET's capacitance are employed to set the dominant
poles of both the amplifier and boost stages. Hence, the
dynamic response of the amplifier and the boost stage track
each other, over operating, and process variations, and
therefore follow a reasonably smooth and stable passage, in
and out of boost.

III. AMPLIFIER'S BIAS, INPUT, AND OUTPUT STAGES

Here is a brief description summary of the proposed buffer
amplifier (patent pending) with the simplified circuit schematic
illustrated in Fig. 1 [1-2][4-5]:

In the bias stage, a PMOSFET's differential gate-to-source
voltage, AVgsypsz—s4 = Npmos X Vr In(b), is placed across an
active PMOSFET resistor My, (in triode). Hence, the bias
current is mostly independent of Vyy and chiefly a function of
Vr and pppmos. This trait helps with yield and specification's
stability of the amplifier over manufacturing process and
temperature variations [13-14].

In the input stage, the primary inputs composed of
PMOSFETs M;;, M;, — M;3 receive their tail current via Mo,
but run out of head-room when the common mode input
voltage approaches Vpp. When Viy nears Vpp, My,, clamps
the source terminals of M;;, M;, — M;3 and steers their tail
currents away and onto M;;, Mjg — M;¢ via M;,o. Here, the
amplifier's secondary input PMOSFET pair M;;, Mjg — Mje
take over the input operations, after being level shifted down
via NMOSFET source followers M;, — M;s. As such, the
input's gmppmos (=ip/(Mpmos X Vt with subthreshold slope
factor 1.5<np0s<2) is held fairly constant for keeping the
same tail current while inputs traverse rail-to-rail [1-2][4-5].
Please see [14] for mathematical formulations (DC, AC, noise,
transient) of folded cascode amplifiers that is utilized here. At
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Figure 1. Proposed Amplifier (patent pending)
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the gain nodes of the amplifier, V,; and V,,, the high
impedance is roughly a function of ~ V,/ i,. Moreover, large
size PMOSFET capacitors M..; and M., (>M,q,M,,) set
the dominant poles and band-pass V,; and V,,, and thereby
filter out the amplifier Vo, .. For example, comparative
simulations depicted in Fig. 12. indicate Vo, 45 improvements
to ~10 pV/v/Hz with the band passing and the boost functions
compared to ~700 pV/v/Hz at 1KHz without them.

The bottom section of Fig. 1 is the amplifier's output stage
[2][7-8]. 1t is composed of minimum current selectors (MCSs:
Mos — Mgo — Mgs — My5), and inverting current mirrors (ICM)
that is part of the current feedback amplifiers (CFAy composed
of ICMy Mgy — Mgz — Mgys — Mgyq7 plus  current sources
Mg19 — My,1). The MCSs track the currents in output driver
FETs , My; — M,,, which are scaled and mirrored into the
CFAs. The MCS tracks the sink-source output FET currents,
and regulates the minimum operating current in the inactive
sink-source output FET, and it operates with low Vpp = Vg +
2Vps. The output stage, chiefly operates in current mode, and
as such it has a high bandwidth. Thus, filtering out the noise in
the high impedance gain stage of the amplifier that drives the
output stage, can be optimized without being hindered by the
output stage dynamic response.

IV. BOOST STAGE

The input stage of the boost and the amplifier circuits are
largely identical, consisting of the PMOSFET primary pair
(Mg,-Mg3) that handles Vgg < Vin< Vp, where at Viy = Vp the
M;,-Mg3, and Mg, run out of head-room [1-12]. At V=V,
Mg, clamps the source terminal of Mg, and steers Mgqq's
current via Mg,g, Mgy, and Mgs, onto the current source,
Ms,0, which biases the boost stage's secondary input pair. For
Vp < Vi, the DC level shift of NMOSFET source-followers
(Mg4-Mgg) provides the secondary PMOSFET pair (Mgg-Mgg)
and its current source Ms,, with the needed operating
headroom.

Let's take the case Vs < Vi< Vp when the secondary input
path is off. First, when the amplifier's inputs are in steady-
state then the boost signal remains off. Here, the Iy;5, = Iygz =
Imsio = Ius1z = ip- In this state, for the MCSs Mg,-Mg;s,
Ms12-Msys Ms11-Msia, and Mgpp-Mgger we get Iygip =
IMsis = Ims1a ® Imsirr = Imsio = Ip.  Similarly, Iyss =
IMsiz' ® Imsi1 ® Imsiar = Ims1z3 = ip.  Please note that, for
example, Mg;, and Mg;3 (with W/L=1x each operating at i)
are mirrored into the MCS composed of series association of
Mgq1,-Mgqs (With W/L=1x), and hence Iys12 = Ivsis = ip/2.
Boost stage can function without MCSs Mg, - Mgq5 and

Fig. 2. Preliminary layout and rough die area ~ 180um?

Mqq1s - Mgq4,, which are added to help balance transients, and
injection cancelations. When the amplifiers' inputs are near
small  signal  balance, the min(Iysiz,Imsis) =
min(lysizr Iusis) = min(Iysi1, Ivs14) = min(Ivsiar, Ivs1ar)
X iy/2. Accordingly, Iysig= ip is used up by
min(Iyg1z , Imsts) + min(Iysgor, Ims1sr) = i, , which causes
Mg to starve. With Iyggr & 0 and min(Iygiq, Imsia) +
min(lysi1, Ims14r) = 1p, the node V, is pulled down.
Therefore, Mg,, is shut off, which blocks the currents through
Mgo3, Mgys, Mgye, and Mg, off as well. Here, the amplifier's
bias current supplied by Mg;4, and Mg,, remains un-boosted.
Second, with Vgg <Viy< Vp, when large differential signal
transients are applied at the inputs, then all of Mg, current 2i,
would flow through Mg;. Consequently, Iysz, Imsizr Imsis,
Ivsi2 Ims11, and Iysi4r TUn near or at zero nano-amperes
and «
Therefore,

Imsss Imsior Imsizr Iysis's Imsia s and Iy y
0 = min(Iysiz, Imsis) = Imsis = min(lusiar,
Ims1s) = Imsizr = min(lysin s Ivsi4) = Ivsin = min(lysa,
Ivs1ar) = Iyg1a' <K 2ip. Here, MCSs conduct near or at zero
currents, and thus all of Mg;4 current i, passes onto Mg,
which pulls the node V}, up (the boost-on signal). Therefore,
Mg, turns on allowing Iyg,3 = rXi, to add its boost current
onto Mg,s, which is mirrored and scaled up onto Mg,4, and
Mg, . Note that here, the dynamic current's peak Iy, =
Ims26r = sXrxip, which is summed with the amplifier's (static)
bias current network via My;;, and My,,. Initially, when the
boost signal is triggered on, [ys,3 = rxip=Iysas slews the node
Vy'.  This node has a time constant set roughly by the
equivalent capacitance dominated by Cpysp and Cyq,, and
the impedance 1/g ,, of My,s, in saturation region, in light of
the transitions from subthreshold to saturation region in the
intermittent boosted state. Comparative simulations in Fig 13.
depicts improvement in the amplifier positive SR to 2.5v/us
from 0.007 v/us, and negative SR to 4 v/us from 0.009 v/ps,
with the boost function enabled versus without, respectively.

As the amplifier loop begins regulating and inputs nearly
equalize (coarse balance), then the boost off signal is triggered,
and Mg,, cuts off Mg,3 current from the V,r node. As
such, Iysos — Imsz6 - Ims2er current  start their slow decay
towards zero with a transient current profile that approximates
a single pole trajectory, while this decaying transient current is
still being injected into the amplifier operating bias current
network. As just noted, although the capacitance at V,» node is
dominated by equivalence of Cyg261Cums26r >, but Vi node's
1/gm (impedance) increases with time as Iyg,s current fades
off while Mg,s makes its transitions from operating in the
saturation region to subthreshold. As stated before, initially in
boost off mode, Iys,s5 is sizable enough, compared with the
amplifier's un-boosted static current, to help speed up the
amplifier's .  For example, simulations depicted in Fig. 17
shows tg ~ Sus compared to ~15 ps, with the boost function
enabled versus without, respectively.

In summary, the benefits of the proposed circuit are: First,
lower noise, and most other attributes of the amplifier
including its gain, bandwidth, static power consumption,
common mode range, PSRR, and CMRR are generally not
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AMPLIFIER'S MC & WC SIMULATIONS SUMMARY
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inputs experience large differential signals. Second,
amplifier's input structure and that of the boost stage are
substantially similar, and hence the boosting function
accommodates the full common mode range and power supply
span. Third, the maximum boost current, sXr X iy, , is fixed
and is proportional to amplifier's static bias current, i, , which
helps control peak dynamic current consumption. This trait
also facilitates the boost stage's peak speed to tracks that of the
main amplifier, over process and operating variations. Such is
the case, in part because i}, is independent of Vry and mostly a
function of Vi and pppos which are more tightly controlled in
manufacturing. Fourth, as noted earlier, the AC, slew rate, and
transient profiles of the main amplifier and that of the boost
circuit should approximately track each other over operating
and process variations. This is because generally, the amplifier
and the boost stage's operating currents, gain (<(V,/V1)?), and
input's 1/g, (X Npmos- Vr/ip) track each other, as do their
poles at the high impedance node of the amplifier that are
roughly a function of ry, = V, /iy, and Cppmosper. Fifth, care is
taken to minimize dependence of amplifier's specifications on
multiple device parameters such as NMOSFET, Vryy,/p, and
N+/P+ resistors. Instead, amplifier's specifications mostly rely
on PMOSFETs which dominate pertinent signal paths, and this
can help optimize yield and help lower noise (e.g., PMOSFET
1/f noise < NMOSFET 1/f noise) further. Sixth, the switching
threshold of the amplifier's input stage from small signal to
large signal needs to be large enough (e.g., offset mismatch
between the boost and the amplifier input stages, AVggg) so
that a false or premature turning on of the boost function is
avoided. This is the case considering, the amplifier and boost
stage input's 1/gmpyos where i,=10s of nano-amperes.
Moreover, inclusion of M3 and Mgq (less than 10% of W/L
Mg,3 and M) at boost's input stage, provide some hysteresis
as gaurd-band against unwanted boost signal toggles for cases
when input pulses become equivalent to boosted slew rate.

V. SUMMARY OF MONTE CARLO & WORST CASE
SIMULATIONS:

MOSIS/TSMC BSIM3v3.1 equivalent models for 0.18um
CMOS are used for WC and MC simulations. Please see Fig.
2. which is a rough amplifier layout placement. Table I is a
summary of specifications and comparisons with prior art.
Simulation's conditions are Vpp = 2v, T=27°C, with amplifier
set up in unity gain, unless otherwise specified on the plots.
Figure 3 is WC for minimum Vpp = ~0.6V validated by
ramping Vppwhile tracking Vggg vs. Ipp. Figure 4 is [pp MC
simulation profile indicating a +16% variation band, which is
proportional to amplifier's input's 1/g,, and its AC response
variations. Figure 5 is Vpgg's MC simulation of ~ + 3.5mV.
Figure 6 is MC simulation for Viy vs. Vors  indicates the
AVors between the primary PMOS and the secondary
NMOS+PMOS FET inputs. Figure 7 is typical simulation
showing Rigap vs. Viy vs. output driver currents, Iy, =
Isink and Iyo1 = Isoyrce- This graph shows that when Iy, is
in non-sink mode or when Iy, is in non-source mode, then
their currents are regulated at ~100nA. Figure 8 is WC for AC

response depicting gain (typ. Ay ~ 85db) vs. phase (typ. @ ~
750) vs. Frequency (typ. (fy ~ 20KHz) vs temperature
(—=30°C<T<+70°C), where Croap = SOpF. Figure 9 is the
amplifier's typical AC response as a function of 10pF <
Croap < InF. Figure 10 is WC for CMRR (typ. ~ —125dB at
DC) vs. Frequency. Figure 11 is WC for PSRRypp (typ. ~
—85dB at DC) and PSRRygg (typ. ~ —80db at DC) vs.
frequency. Figure 12 is the noise vs. frequency simulations,
which indicates Vo,gise of ~10uV/A/Hz at 1KHz with the
narrow-banding capacitor and boost stage, vs. ~700uV/v/Hz at
1KHz without them (based on very preliminary noise models).
Figure 13 is WC for large signal (LS) transient response (TR)
for Vour vs. time, which shows a 360X to 440X increase in
SR, with the boost stage as compared to without it. Figure
14(i) shows WC LS 15 ~ 5ps to 10mv. Figure 14(ii) is WC Ipp
spiking to ~520pA during 'boost on' mode. Figure 14(iii)
shows WC 'boost off' mode, when Ipp decays to its static level
of ~500nA in less than 100ps. Figures 15 and 16 show typical
large signal (Viy pulsed between 0.1v and 1.9v) transient
response vs. 10pF < Cigap < InF vs. —30°C < T < +70°C.
Here tg, ~ Sus and SR, ~ 2.5v/us and SR_ ~ 4v/us. Figure 17
is WC (unity gain) superimposed transient response for both
the small signal (50mv pulsed Viy) and LS (100mv pulsed
Vin)- The LS side shows that boost function is enabled in
response to a 100mv pulsed Viy, when Ipp initially spikes to
multiples of pA followed by 'boost off' mode decay current.
As noted earlier, instead of shutting the boost current fast, this
'boost off' decaying current that feeds the amplifier's bias
current, enhances the amplifier's T5. However, the small signal
side shows that when boost function remains off, and
Ipp remains under 500nA, then tg ~ 15us to Smv in response
to Viy pulsed 50mv.

VI. SPECIFICATIONS RISK FROM CIRCUIT SIMULATION TO
FABRICATION

Simulations are useful here for comparing Vo,gise
performance with or without the proposed noise reduction
method, but the absolute value of Vo ise's simulation results
are not accurate because the noise models are very preliminary.
The AVgps, between the amplifier's primary PMOSFET and
secondary NMOSFET plus PMOSFET inputs, will materialize
as distortion. Additionally, distortion will be elevated when
the output stage has ultra low quiescent currents I with large
Cy, and wide VINp_p swings, roughly governed by 15/C;, =~ w x
Vp_p, Where the lowest distortion at the highest frequency is w,
in boost off phase. FET leakages doubles per AT~ +10°C,
which derailed hot temperatures performance of ultra low
current circuits Low distortion and high-temperature
performance are beyond the scope of this work. However,
given most target energy harvesting applications experience
(non-sinusoidal) impulse signals, low distortion is not required.
Also, one sized and donut shaped FETs at 5 times the
minimum size are used as a compromise between big FETs
with more area to leakage, and small ones with more mismatch
and noise. While MC simulations can capture the AVggg
between the amplifier input stage and boost stage, SPICE
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models do not capture AVors/AT accurately. The Vors, AVogrs,
and AVgps/AT are components of the boost function's
switching threshold. First prototypes use passive (instead of
MOS) capacitors to band-pass noise for conservatism.

As shown in Fig. 18, the settling time of the proposed
amplifier can be higher (e.g., Tg = 15us) for a small signal
(e.g., Viy pulsed 50mv) pulse when boost function is not
engaged.  Therefore, it is foreseeable that in silicon, a
temperature change of a few °C could shift AVyrs a few
millivolts, which can cause tg and (transient) Ipp to change
from Spus and 14pA, respectively, to 15us and 0.5pA. As
mentioned earlier, the hysteresis (Mgy3+ and Mg o) in the
boost's input stage is added to guard against unwelcomed
toggles between boost on and off states for conditions near the
boost stage switching threshold. PMOSFET capacitors are
non-linear and have voltage dependence. Hence, poly-metal
capacitors are provided in layout as metal mask option for
back-up  in both the amplifier and boost stage for
compensation guard band. Dummy PMOSFET and
NMOSFET capacitors are also added in layout to gaurd-band
for the capacitive loading of output driver FETs M, My, and
their influence on the tracking of the dynamic responses
between the amplifier and boost stages. Excessively high
PSRR and CMRR may be unattainable in silicon due FET
mismatches and parasitic leakages. A power-on-rest is
included although simulations show that leakages in bias
section help self-start up by lifting My, Mg, and Myg.

VII. SUMMARY & CONCLUSION

To decouple noise performance from amplifier's speed, a
method is presented which is to low pass filter an amplifier's
output noise while boosting both its slew rate and the settling
time. The amplifier's output stage is chiefly current mode, by
utilizing minimum current selector and a current mirror
inverter amplifiers, which makes it fast. Thus, the main
amplifier folded cascode high gain node dominates and
substantially low pass filter the output noise, without the
output stage interfering. Concurrently, when large differential
signals are detected at the narrow-banded amplifier's input, a
boost function kicks in and speeds up both the slew rate and
steeling time of the amplifier. The time dependency in the
boost stage and amplifier's gain stage are chiefly a function of
1/gm and Cg of PMOSFETs. This trait helps with consistency
of amplifier’s dynamic response in and out of the boost over
process and operating variations. As a result, a low output
noise, rail-to-rail input-output, ~500nA amplifier, that can
operate at Vpp~ 600mV is presented that has a gain of ~85db,
PSRR of ~80dB, and CMRR of ~140dB, with + & - slew rate
of ~2.5 & ~5V/us, and settling time of ~5us. It can drive a
~2KQ and ~1nF load.
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