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Abstract — The proposed circuit utilizes a method to lower the
output noise (Vonoisg) of an amplifier by band-pass filtering it,
while the amplifier's speed is increased by dynamically boosting
its operating current when the amplifier's inputs (V\) receive a
large transient signal. This amplifier uses a winner-take-all
(WTA) circuit that detects un-equilibrium at Vy, upon which the
amplifier's bias current and its dynamic response are boosted.
The WTA has a symmetric structure and operates in current
mode that enhances the amplifier's dynamic response during
boost on and off conditions, and facilitates operations at low
power supply voltage (Vpp). The boost signals that WTA initiates,
feed a summing and floating current source (FCS) that also have
a complementary and symmetric structure, which accommodates
rail-to-rail (RR) dynamic biasing and improves Vpp, transient and
noise rejection. Monte Carlo (MC) and worst case (WC)
simulations are performed, indicating the following specifications
as attainable: large-signal settling time (ts) ~ 1lps, current
consumption (Ipp) ~ 85nA, Vpp under 1 volt (V), Vonorse at 1KHz
~ 75uV/VHz, gain (Av) ~ 98dB, unity gain frequency (fu) ~
70kHz, phase margin (PM) ~ 80 degrees, PSRR ~ 115dB, CMRR
~ 145dB. Amplifier rough area ~ 45pm/side in 0.18um CMOS.

Keywords — sub 1 volt, subthreshold, batteryless, energy
harvesting, smart dust, biometrics, wireless sensor array, self
powered, winner-take-all, maximum-current-select, low noise,
rail-to-rail, speed boost, dynamic biasing, ultra low power, high
speed, class AB amplifier, low power supply, ultra low current.

I. INTRODUCTION

In order to lower the noise at the output (Voyr ) of an ultra-
low-power CMOS amplifier, the disclosure in [1] proposed a
method to band-pass the amplifier (with a large capacitor , Cy)
at its high-impedance node in order to filter out the output
noise (Vonoisg)- Then, the operating current of this slowed
(band-passed) amplifier is dynamically boosted such that its
slew-rate (SR) and settling time (zs) are re-invigorated, when
the Viy is subjected to an un-equilibrium. To this end, a
subthreshold input-output rail-to-rail (RR) standard folded
cascode amplifier (FCTA) is proposed here utilizing a WTA
(or a 'maximum'-current-selector) that detects when Vjy is un-
equalized, and initiates boost on-off signals [1-3]. The
proposed WTA runs in current mode and is triggered on
'maximum' current selection, which sharpens the boost on-off
response time, around the cycles when Viy is imbalanced.
Boost on-off signals feed the boost currents onto the
amplifier's summing and floating current source (FCS) stages,
having a complementary structure like WTA, which
accommodates RR dynamic biasing with improved power
supply transient and noise rejection [4-6]. The amplifier's
specifications are summarized in Table I.

TABLE I: SPECIFICATION COMPARISON

Typical Specs [2] This work | Figure
Area (um?) ~1802 ~4572 21
Ipp (nA) 500 86 2,3,6
Large signal 1, ,_ (us) 5 1 12 to 20
Minimum Vpp (V) at boost on 0.9 1 6
Vonoise 1kHz (uV/vHz) 10 75 7
|PSRR| (dB) 85/80 115 10
|CMRR] (dB) 125 145 11
Transient Peak Ipp (pA) 520 25 14 to 20
Min. Ry, (kQ) 2 100 9
Max. C;, (pF) 1000 100 13
Ay (dB) 85 98 8,9
fy (kHz) 20 70 8,9
oy (°) 75 80 8,9

II. 'WINNER-TAKE-ALL' AND 'SUMMATION & FLOATING
CURRENT SOURCE' CIRCUITS

Figure 1. is the schematic of the proposed circuit. The lower
half RR 'winner-take-all' (WTAy), or maximum-current-select
(MXCSy), in concert with the 'sum & float current source'
(FCSy) circuits are described, setting aside non-idealities (e.g.,
mismatch). The discussions on WTAy and FCNy also apply to
their symmetric counterparts, WTAp and FCNp.

During steady-state phase (or 'boost-off' phase), Viy is in
balance. Here, the quiescent currents (Ig) in Py and Py, are
equal, which feed N, and N5 (i.e., inputs of WTAy).
Accordingly, Vgsyws = VE8Snws, and Inw7 = Inws- As such,
Inw7 + Inws = I is fed onto Py9. But here, in the steady state
phase, PB,q is kept off by Ipyq5 pulling up VGSpye and
reducing it. Thus, the 'boost-off current is near zero with
Ipwi7 =N X Ipywo = 0. Also note that in steady state, with
Ipwo = Ipwio = 0, then Ip,y16 = Iq feeds Nyye that is mirrored
onto Ny, 5 which receive the equalized Ipyy; and Ipy,,. Thus in
'boost-off' phase, only Ipy.5 = Ig together with (the
complementary side) Iy = Iq supply current to the FCSy.
The Ipy1g feeds Ng and N, with I that biases Ng; while
Inw1g supplies Ig to Py and Py, that biases P;. Sum of the
floating currents, Iygs + Ipss = 2Ig, bias Ngy 5 and Py, 5 that set
steady-state current in FCTA's bias network, N¢,_g and Pr,_g.

When Vj;, is imbalanced, after receiving a large transient
signal, then the WTA and FCS circuits process the 'boost-on'
signal, which boosts FCTA's current and here is how. Let's
take the WTAy transient case when Ipyq > Ipy, (e.g.,
Ipw1 = 21 and Ipy, = 0) which lifts Vsyy,13 (shutting it off),
causing Ipy,q14 to lift Vgsyy7 and raise Iy,,,. Conversely, when
Ipw1 > Ipwy in transient, then Iyys (through Ny,q4) lowers
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Vgsnws, Which reduces Iyyg. The transient sum of Iyy7 +
INws is dominated here by N, that can spike to < 3, which
provides B, with the scaled up (Xn) boost current in P,;,. In
the 'boost-on' transient phase: Ipy 15 + Ipwo = Inw7 + Inws <
3lq (where Inwg = 0); Ipwio + Ipwic = Inwe = 3lg; and
Ipw1 + Ipwi1,13 = Inwa < 3lg. Thus, in 'boost-on' phase, with
Ipwi > lpwa and considering Inws = Inwe < 3IQ(>
Ipwiz,14 = Ig), then Ny, 44 pulls down on the Vgyyg and keeps
Nyg off. As stated earlier, while in 'boost-on' phase, Ipyq1 =
Iq holds-up the voltage lift on Vgy,,. While 'boost-on' lasts,
voltage lift on Vgy, is sustained, considering Iyy4 < 3lq and
Ipw1 = 2Iq which causes Iyws — Ipw1 = Inwiz < lg, when
Ipw11 = lg. A similar current 'boost-on' mechanism would be
in play for the complementary side WTAp, which supplies the
boosted current through FCS into the FCTA bias network. For
the FCSy half of the circuit, a transient 'boost-on' current spike
< [lpwi7 + Ipwigl~[3(n X Iy) + Ig] is channeled onto Ng
and Nf,. Similarly, on the FCS, side, a complementary and
symmetric transient 'boost-on' current spike < [Iywi7 +
INW18]~[3(n X IQ) + Ig] is channeled onto Py and Pp.
Therefore, a sum of currents < [2]g (3n + 1)] would bias N¢;
and Py, which establishes the 'boost-on' transient current for
the FCTA bias network (Ng_g, and Pg_g). This boosted
current (that is symmetric) feeds the FCTA's common source
amplifier (CSA) stage (P,;_3, N,i_3), the common gate
amplifier (CGA), the current mirror stage (N ,_7, Pyy_-), as
well as the FCTA's floating current source stage (N,g_o,
P,s—9). The proposed embodiment, speeds up the dynamic

response of band-passed amplifier (with the large Cg), and
thus equipping the FCTA to low-pass the noise in steady-state,
and have a fast dynamic response in the transient phases [1-2].

In summary, some of the merits of the proposed circuit are:
First, the WTA operates as a 'maximum-current-selector'
(MXCS) running in current mode, which helps speed. Second,
and qualitatively speaking, the alternative approaches disclosed
in [1-3] that utilizes minimum-current-circuit, triggers the
'boost on-off' signals upon appearance or disappearance of a
'minimum' current (i.e., smaller). The proposed circuit triggers
the 'boost on-off' signal upon appearance or disappearance of a
'maximum' current (i.e., larger). As such, the proposed circuit,
detects a V;;, imbalance with larger currents, which is in part
responsible for WTA enhanced response time compared to [1-
2]. Third, the WTA 'boost-on' signal can be initiated rapidly,
which boost the FCTA's slew rate faster, in compliance with
the method proposed in [2-3]. This is because the spiked
currents in N, or Ny,g can pull down on diode connected P,
faster due to the Gatepyq's impedance declining while the
transient current is rising (1/g,%1/I). Conversely, when the
'boost-off' phase is initiated, the current decay rate is slower
than the current spike rate, which would enhance the FCAT's
Tg, again in accordance with the method proposed in [1-2].
This is because, upon arrival of steady state, bulk of the current
Ny7¢ (in the case of WTAy, for example) is supplied by P15,
which diminishes the current in the diode connected PB,,q, thus
increasing its impedance 1/gmp,,o as Ip,q decays towards
zero. Considering the scaled up (and the Miller equivalent)
capacitance at the gate terminal of P,q; and the rising
1/gmp,, impedance,
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Figure 1. Amplifer Circuit schematic (patents pending[1])
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THE SIMULATION RESULTS AND FIGURES

~ T
04 08 12 16 Mean:89u E 04 08 12 16
E Mean: 87n Ypl 5 | G_SD:l.lm 400 E
8 | SD:6n s 300 % | % Bin:0.4m §
9\ Bin:2n § 'é Sample: 2015 g
LE) Sample:1755 = g M Min:-1.8m R 300+ §
S Min74n 200 3 é Max:2.6m . =
=|  Max:100n B =t o B 2004 T
3 - = & B £
8 < Z &S 63 %
St 1004 = RS § 5% 5
§ 3 3L B g 1004 8
= ] 8 RIS o2 >
s 2
1 1 1 1 ":ét’: % E 1 1 1 1
Idd (A) Vin (v) Voffset (v) Vin (v)
Fig. 2. Monte Carlo (MC) Ipp Fig. 3.Worst Case (WC) Ipp vs. Vix Fig. 4. MC input Vggg Fig. 5 MC input Vggs vs. Viy
T T T EE i el Rt B el () e T T e o e LTI LR DR IR IR R R
ol o3 06 09 gl F vt 0 o) 3B 100 b aall
= <b 104 o)
N >F VoutNoise o <
) L +5mr| [ without Cs {&r max ~116 60 4 ~|
2 TE ~21m@ s 4
& v Sm | E._ i 02 §F min~96 204 § ~65dB @RL 1M
S Vdd~0.45v at Vofs~50uv  -10m 3 <] fu~70K E ~45dB @ RL 100K
| | | Qr Vi NN I Y B PR N I BT B Ll T R I R
T ; BE futilon. B Do AL L BL B B B R B B B Y e e ELE"Y {Rnd e a
A with Cs 4 0 .-g < R i
or Vdd~0.8vat 200 ‘ob ~79u @iKH: 1074 § Tt i)
zL Sookon & s £ PM 0 'En_ 100K il
<[ Tl S = o B w,
e i >L 6 o107y R E o, 150\
=r 2 E Vin Noise 1.2u @ 1KHz \\ PALEE 158 2
| 1 E T T g TR T IR IS R BT ) M _‘é IR R I IR I
vdd (v) Frequency (Hz) [ Frequency (Hz) A Frequency (Hz)
Fig. 6. WC min. Vpp vs. Ipp vs. Vogs Fig. 7. Vonoisg Vs Cs vs. No Cg  Fig. 8. MC Gain & Phase response Fig. 9. Gain & Phase vs. Ry,
R A SR S I A o | T T R T T i T 10' 20'
1 10 L 10 103 [\ 100u 200u B00u/7400u 1.6 L1 u i 1.6 |
L =25 Ll §s & Boost enabled i - Vin 1.2
L '5\"\1“! 1.0 L 0.8
H il B i
r -50- H H] - Vout | 0.4
min~-92a ek r : — :

Vout (v), WC

Idd (A), WC

Fig. 14. MC tg, vs. Vogs vs. Ipp@1v  Fig. 15. MC t4_ vs. Vggs vs. Ipp@1v
Q T T T
3 BA \ 1.005+
= <
< ) . 0.995+
S - '
é L?I) [ ts- ~$I5us to 10% I ‘ \ ! 10m—
T T T = T =T 2 e i
ok i hg / ts+ ~<5us to 10% -10m-|
= 1 I I
i‘ B 4u 8 T
Tdd peak cL 1dd peak 6ul B N
= = el ~10uA - 2— I boost not sparked 0.5u
- ' : o I : e ¢ 0.75u
I <. ! i i [ E (> Pania\ll 1 boost spalrked |
Time (s) Time (s) Time(s)

Fig. 18. WC Ts4/- VS. IDD @ VinZVSS

MC for Idd(A), &Vofs(v), & Vout(v)

PSRR (dB) Monte Carlo (MC)

CMRR (dB) - Montecatlo (MC)

Vout-Vin (v) , WC  Vout (v) , WC

Vout-Vin (v) vs CL  Vout (v) vs CL

/ max~-120q8, T T
75 Cs&Boost
I ts ~1us to +/-10m -
-120 / ) |
-100 \
max~-148dB -135 I conl L =
1 | | i L L | o : L L 1 L ts ~130us to +/-10m ts|+/- ~1us to, +/-10mv l
s ol 0l ol ol ol il 0 0 | | 1
Frequency (Hz) F requency (Hz) Time (s) Time (s)
Fig. 10. MC PSRR response Fig. 11. MC CMRR response Fig. 12. WC speed with & without Boost  Fig. 13. Settling time (tg) vs. Cp,
n 0.75] 3 K\ 2503, 0.75 3 —/ ](ﬁ/(({[ > 35 1.5 € 0.5u 1.5u , 24 1.5
2 in 5| vi i 5 ; z
0.50] 2 ',V 0.50 2| Vin ;_l B 3 _AVin Eﬁo 1.0
025 B youe 025] 2 [T vour el > |{7 Vour .
| 5 2 e g B[ WHEE P 05
5t ! \ 2L 10 +/-10Imv: = tst to +/-10mV: z M T
H tom] L0 minilus & i min-08us  +10m- g 70T = 0=
bts+ to +/-10mvi - \ S ~ \
=i \ > L > max~1.5us > L b D -10m+
et a0 sl L ol s [ ’ ” 0m
max~1.6|J? 7 o ~ i _ max~1.3u i
. < g T <
13 ] =L r i
S s 755u7 % B mr U~ gsesildd: i I \) Peak Idd ==
A 75 B s \d 20u4 51 s — e 200
L | Q I Q 1 <) 1
Time (s) = Time (s) 3 Time (s) 53 Time (s)

Fig. 16. WC 14, vs. Vggs vs. Ipp@2v  Fig. 17. WC t4_ vs. Vogs vs. [pp@2v

Fig. 19. MC tg,,_ vs. Ipp @ Vin<Vpp Fig. 20.MC 14, vs. Vogs vs. Ipp@Vin sman

Fig. 21. cell size ~(4

Spm)?

Authorized licensed use limited to: Univ of Calif Berkeley. Downloaded on September 04,2024 at 02:43:00 UTC from IEEE Xplore. Restrictions apply.



a slower decay current towards zero is initiated at the
"boost-off' phase (providing the FCTA with more current
above its quiescent 21 while V¢ is settling). Thus, Ts is sped
up. Fourth, FCS plus WTA operate rail-to-rail (RR). For
example, when Viy nears Vpp and Py,;_3 shuts off, then P,q 17
remain off, which inhibits WTAy from initiating a false 'boost-
on' current. Here, concurrently WTAp continues monitoring V;,
for imbalances even near Vpp and furnishing N, with the
'boost-on' current, through P;; and onto Ng_g and its
complementary counter-part Pp,_s. Fifth, the proposed WTA
can work with minimum Vpp of Vgg + 2Vpge,, thus not
restricting FCTA's minimum Vpp. Sixth, there is flexibility to
speed up SR and tg by raising WTA's I through for example
Py1-3 and Pyq;_12. Seventh, the transient peak current is a
multiple of Iq o f(up, Vr) where pp is PMOS mobility, and
Vr is thermal voltage. As such, boost-on peak (band) current
can be contained by design.

III. SIMULATIONS RESULTS

WC and MC are performed utilizing equivalent device
models in BSIM3v3.1 for MOSIS 0.18um CMOS. Table I is
specifications comparisons. Figure 2 is Ipp MC histogram
74nA < Ipp < 100nA. Figure 3 is WC for Ipp vs. Viy
showing 83nA < Ipp < 94nA, except for near the rails when
one input pair (to FCTA and WTA) shuts off. Figure 4 is input
offset voltage (Vops) MC histogram indicating —1.8mV <
Vors < +2.6mV. Figure 5 is MC for input Vggg vs. Viy,
where PMOS-NMOS mismatches, highlighted near the rails,
would manifest as distortion. Figure 6 is WC for minimum Vpp
~ 0.8V via monitoring both input Vops and Ipp. Figure 7
demonstrates a 27 time improvement in output noise, Vo, gise »
at ~79uV/vHz at 1KHz with the band-pass capacitor (Cs)
versus ~2.1mV/+/Hz without Cg. Figure 8 is MC AC response
denoting 96dB < Gain < 116dB  with typical DC gain
Ay = 108dB, f, = 70kH, and ¢ = 80°. Figure 9 is AC
response vs. Ry indicating Ay /Ry, of 85dB/10M(), 65dB/1MQ),
and 45dB/0.1MQ. Figure 10 is MC for PSRR showing
—92dB < PSRR < —120dB. Figure 11 is MC for CMRR
showing —88dB < CMRR < —148dB. Figure 12 is the WC
Ts to £10mV, or 143, which depicts a 100X to 130X speed
enhancement. Here, 100ps < tgz < 130pus with the boost
circuit disabled, and Tgz~1puS with boost circuit enabled.
Figure 13 is tgg~1ps vs. C;, 10pF < C;, < 100pF with a
50mV to 1.95V step at Viy_pp. Figure 14 and 15 are MC, for
Vbp = 1V, applying a 0.95V step at Viy_pp, which indicates
1.2us < 1 < 1.6us, and dynamic (transient) Ipp_peax <
10uA, which vanishes in ~2pus. Figure 16 and 17 are WC, for
Vpp = 2V, applying a 1V step at Viy_pp, which shows
0.7us < tgx < 1.5us, and dynamic (transient) Ipp_peak <
25pA, which vanishes also in ~2ps. Figure 18 is WC tgz~1ps
after applying a 50mv—>150mV step at Viy_pp, indicating
Ipp—peak < 12pA dynamic boosting even near Vgs. Figure 19
is MC tgz~1ps after applying a 1.85V—>1.95V step at Viy_pp,
indicating dynamic Ipp_peax < 10uA4 boosting also near Vpp.

The transition zone (gray-zone) between application of a small
signal applied at Viy (i.e., no boost current spark or only a
partial spark thus slower g ) vs. large signal applied at Viy,
which is captured in Figure 20. Here is WC tgx < 5Sus after
applying a 0.99V—-1.01V step at Viy_pp, with dynamic current
0 < Ipp_peak < 0.8pA. Figure 21 is an approximate layout and
the rough cell size is ~(45um)?2.

IV. CONCLUSION

Prior art disclosed a method to dynamically increase the bias
current and speed of a ultra low current amplifier, whose
output noise is reduced by band-passing it (e.g., using a large
Cs at the FCTA gain node). This embodiment improves the
amplifier's performance by utilizing a rail-to-rail, low Vpp,
WTA (or maximum-current-selector), that runs fast in current
mode, to detect a Viy imbalance upon which the amplifier's
bias current and speed are boosted dynamically. The
complementary and symmetric structure of the WTA and FCS
facilitates rail-to-rail dynamic biasing and improves Vpp noise
and jitter rejections.
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