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The big picture

view a diode as having a ‘turn-on threshold’ of 0.6 V due to the steep nature of
its exponential current—voltage characteristics, it is sometimes useful to view a
transistor as having an abrupt threshold voltage at which it turns on.

The ‘leakage current’ in a transistor that is turned off in a digital system is
dominated by the transistor’s subthreshold current. Such leakage current can be
considerable in large digital systems. For example, 100 million transistors x 1 nA
of leakage current per transistor yields 100 mA of standby leakage current. Due to
the lowering of the threshold voltage of the transistor in advanced transistor
processes, the absolute value of the subthreshold leakage current increases as
MOS technologies progress towards ever-smaller dimensions. Subthreshold opera-
tion also occupies an increasingly larger fraction of the range of power-supply
operation as transistor sizes get progressively smaller. For all of these reasons, there
has been a great renewal of interest in the subthreshold regime of operation.
Subthreshold operation in both analog and digital circuits has almost become
a necessity.

The maximal frequency of operation possible in diffusion-current-determined
subthreshold operation scales inversely with the square of the transistor’s channel
length. In contrast, the maximal speed of velocity-saturated above-threshold
operation only scales inversely with the channel length. Thus, subthreshold opera-
tion is rapidly allowing faster speeds of operation and may no longer be viewed
as a ‘slow regime’ of operation of the transistor. For example, 1 GHz analog
preamplifiers with all-subthreshold operation can now be built in a 0.18 um
process and digital circuits can be made to operate at such speeds as well.

The subthreshold region of operation is a region where the bandwidth avail-
able per ampere of current consumed in the transistor is maximal. The power-
supply voltage needed for subthreshold operation is also minimal since the
saturation voltage of a transistor in subthreshold is only 0.1 V. Due to the high
bandwidth-per-ampere ratio and the ability to use small power-supply voltages,
the bandwidth per watt of power consumed in the transistor is maximized in its
subthreshold regime. Consequently, subthreshold operation is the most power-
efficient regime of operation in a transistor.

For all these reasons, this book focuses heavily on the use of subthreshold
circuits for ultra-low-power electronic design in the analog and the digital
domains. In the subthreshold region of operation, often also referred to as the
weak-inversion region of operation, it is important to ensure that systems are
robust to transistor mismatch, power-supply-voltage noise, and temperature
variations. Hence, circuit biasing and feedback techniques for ensuring robustness
are important. We shall discuss them in various contexts in the book, but parti-
cularly in Chapter 19, where we discuss the design of ultra-low-power biomedical
system chips for implantable applications, and in Chapter 21 on ultra-low-power
digital design. Furthermore, the subthreshold regime is characterized by relatively
high levels of noise, since there are few electrons per unit time to average over.
Thus, throughout the book, we shall discuss device noise, how to mitigate it, how
to analyze it, how to design around it, and, in some cases, how to even exploit it.
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Feedback systems: fundamentals, benefits, and root-locus analysis
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Figure 2.4. Non-inverting amplifier circuit (top) and associated block diagrams
before (middle) and after (bottom) simplification into the standard negative-feedback form.

From Figure 2.2, we can also quickly derive that the error transfer function
e(s)/Vin(s) is given by

e(s) _ 1
Vin(s) 1 +a(s)f(s)

and is small if |a(s)f(s)] > 1. In fact, it is the fundamental principle of
Equation (2.4) that leads to the rule of thumb that v_ = v, in an operational
amplifier circuit. If the error voltage v, — v_ builds in magnitude, a negative-
feedback loop with a sufficiently high loop gain, which is due to sufficiently high
operational-amplifier gain, will attenuate this error voltage until it is nearly zero.
Figure 2.4 shows an inverting amplifier configuration. Simple manipulations of the
block diagram describing its operation convert it to the standard feedback block
diagram as shown. The ideal closed-loop transfer function between the input and
output if the loop gain or equivalently the operational-amplifier gain is sufficiently
large is then given by

(2.4)

Vout_ *Rl XR1+R2_7R1

Vie R +Ry Ry Ry

(2.5)

The non-inverting amplifier of Figure 2.3 and the inverting amplifier of
Figure 2.4 both have the same value of loop transmission a(s)f(s) but different
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from gate to bulk to be C,,. The figure also reminds us that the reason for the
charge-diode-clamp behavior in strong inversion is the presence of a strong
negative-feedback loop between electron concentration and surface potential.

Quantitative discussion of the MOSFET

Figure 3.13 shows a half MOSFET, i.e., an n+ region bordering a MOSCAP.
The n+ region now presents an alternate region of low energy for electrons to
reside and also provides an abundant supply of electrons. Increasing the potential
vep of the n+ region with respect to the bulk lowers the energy of the n+ region
with respect to the bulk. It also decreases the concentration of minority-carrier
electrons in the bulk region near the n+ border by exp(—vcg/¢) just as in a
reverse-biased diode. Across any diode-like junction, a balance between drift
currents (due to electric fields in depletion regions of the diode) and diffusion
currents (due to electron concentration differences across the diode junction) leads
to an equilibrium minority carrier concentration at the edge of the junction that
is exponentially dependent on the voltage across the junction. In effect, a positive
value of vcp functions to contribute a reverse-bias voltage to the diode-like
element of Figure 3.4, which in a half MOSFET only exists on one side. The lack
of current flow in the half MOSFET means that the electron concentration
and surface potential are the same all along the horizontal x dimension of the
channel at any given value of y. The variation in electron concentration ()
along the vertical y dimension is still described by the exponential relationship of
Equation (3.7) in the MOSCAP in a long-channel scenario except that we now
have an extra factor of exp(—vcp/¢;) in the equation:

no(y) = NAe*"CB/@‘refwf/Gﬁze+‘//(y)/¢>z (3.15)
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Figure 3.13. MOSCAP + 1 control terminal.



MOS device physics: practical
treatment

Although this may seem a paradox, all exact science is dominated by the idea of
approximation.
Bertrand Russell

In Chapter 3, we discussed an intuitive model to describe transistor operation
shown in Figure 3.4. We will now use this intuitive model to simplify Equation (3.23)
into more practical and insightful forms in subthreshold and above-threshold
operation. To do so, we will use three approximations listed below.

1. The « approximation. We approximate y\/% by a constant term yﬂ; around
an operating point . plus a Taylor-series linear term (y / 2\/17%, ) (Vg — ) to
describe deviations from the operating point. This approximation is equivalent
to modeling the distributed nonlinear depletion capacitance C,p, shown in
Figure 3.4 as a linear capacitance with some fixed value around a given V.
The surface potential y,; varies with x in above-threshold operation, such that
Cgep varies along the channel in Figure 3.4. We ignore this variation and
assume one value for C,,, throughout the channel given by yC,./(21/,,) from
Equation (3.11). The chosen operating point y, is usually at the subthreshold
to above-threshold transition where we have good knowledge of the surface
potential and, in addition, is at the source channel end in source-referenced
models. The value of k = C,,/ (Cox + Cdep) is always between 0 and 1 and given
by a capacitive-divider ratio. The x approximation is useful in weak inversion
and strong inversion. The parameter « = 1/n by definition, where » is termed
the subthreshold slope coefficient in some texts.

2. The Taylor-series square-root approximation. In weak inversion, we assume
that the ¢exp(...) term in VCox\/(ws + ¢exp (Ys — 2¢p —veg)/d,))), an
expression that describes the total charge at the source channel end or drain
channel end, is much smaller than the /g term in the expression. Therefore, we
use a Taylor-series approximation for the square root again to evaluate the
total charge in the expression. This approximation is useful in weak inversion
only. Note that vep = vgp at the source end and veg = vpp at the drain end.

3. The diode-clamp approximation. In strong inversion, we will assume that the
diode-like element of Figure 3.4 clamps the surface potential at the source end
of the channel to (2¢, + 6¢),) + vsg = ¢ + vsp due to the operation of a strong
negative-feedback loop. The surface potential at the drain end of the channel
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Figure 4.8. Experimentally measured square-root current characteristics in the
above-threshold regime.
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The source-referenced model is described by

iDS _ IOSeKSVGS/@/(] _ e—VDS/d)r) (55)
where

W /1l-—
los = MCo.r¢,2 I (—K Ksa) e HsVrs/ 9

sa

1 1
2v/¢o + Vsp

Vrs = Vro + “/(\/ (o + Vsg) — \/%)

By differentiating Equation (5.5) with respect to vgs, we can see that

Kslps
m = 5.7
g 5 (5.7)
Thus, the g, of a subthreshold MOS transistor is very similar to the g, of a bipolar
transistor, I-/¢,, where I is the collector current except for the kg term.
We evaluate g,,;, from Equations (5.5) and (5.6) to be
_5105 XaVTs_ _ﬁ[ % _1—K5
80 = Vs Oves s Ks
(1 — KS)IDS
o

It is interesting to derive the same result from a body-referenced viewpoint as
well. Equation (5.3) can be rewritten as follows:

(5.8)

ips = Ioe(KO"GB_"SB)/G)I(l _ e-"us/@)
— Ioe(’CO("’GB—VsB)—(I—KO)"SB)/(/h(l _ e_VDS/(/)r) (59)

— IOeKOVGs/@e(l*Ko)vss/@/(1 _ e*"DS/Q"t)
from which we can see that g,, = kolps/¢; and g, = (1 — x0)Ips/ ;-
Equation (5.9) highlights the symmetry of the gate and bulk terminals in

controlling the transistor. In fact, an even simpler way to derive g, is to note,
from the discussion in Chapter 4, that the transistor current is given by

o = - Jebelo (1 — o7l 510

where the (...) refers to terms independent of vgz. Then, from the capacitive
divider relationship obvious from Figure 3.4,

_ al.DS _ IDﬁSalpm

S s b Ovs
1
=D (i) (5.11)
qbt Cdep + Cox
I
=D (1—k)

-
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Figure 5.1a, b. Early voltage curves in the subthreshold regime.
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Figure 5.2. Depletion regions at the source and drain illustrating the origin of the Early effect.

Equations (5.7) and (5.11) illustrate that both the gate and bulk behave like
good control terminals with a gate and bulk transconductance respectively. In
Chapter 12, we will exploit circuits that use the bulk (the well terminal in a pFET)
as a legitimate control terminal instead of merely tying it to the power supply, as is
often done.

By differentiating Equation (5.5), we can derive that,

dips IOSeWVGS/(z’re*VDS/(br

Ovos o (5.12)
_ Ipsar o~ Vos/

t

8ds

Equation (5.12) predicts that g, asymptotically approaches zero after
Vps > 4¢,. However, in practice, an effect called the Early effect causes g4 to
remain finite after the saturation voltage as illustrated by the ipg — vpg curve and
gas — vps curve of Figure 5.1.

Figure 5.2 shows that the length /,, the sum of the depletion region length at the
source end and drain end of the channel, reduces the effective channel length of
the transistor from L to L — I,,: The edges of the depletion regions at the source end
and drain end of the channel are the locations where the boundary conditions for
the surface potential and charge are valid, and between which integration of the
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The relations of Equations (5.34) and (5.37) along with Equation (5.30) can be
used to derive capacitance results for each Vpg operating point in strong inversion.
The derivations are simple mathematical exercises in differentiation and integra-
tion. Since all capacitances in Equations (5.34) and (5.37) are expressed in terms of

797 it is extremely useful to evaluate it explicitly from simple integration of Q,(x)

in Equation (5.32) to obtain

L
10T — WL Oy (x)dx

Tor _ 2 [Q?o + Q7 + QIOQIL:|
=-WL 5.38
! 3 (O +0n) (5:38)
2 010
01 _ Zywr B
I 3 [(QIO +0n) 7(Q10 n Q,L)]
If we define
Vps  On
=1- == 5.39
K Vpsar Qo (5.39)

such that n goes from 1 to 0 as Vg goes from 0 to Vpgar, then it can be shown

that
2 142 2 )
Cos = 5 WLCox —EN . Cu =S WLCox el
(I+mn) (I+mn)

1 — 1 —
Cps = < KS)C;:M Cpg = < KSKS> Cea (5.40)

Ks

1 -k -7 z
Cg}; = WLC,M< 3 S) (m) = (1 - KS) (C,)XWL - (ng + ng))

with
iDS = iDSAT(l — 772) (541)

Figure 5.7 plots Equation (5.40) and reveals how the various small-signal capaci-
tances in the MOS transistor change as Vpg changes. The most significant point to
note is that C,, changes from 1/2 to 2/3 of WLC,, while C,, changes from 1/2 to 0 of
WLC,, as the transistor moves from the linear to saturation regime. The next signifi-
cant point to note is that C,; and C,, are proportional to C,, and C,, with the same
proportionality factor of g,,»/gm = (1 — Ks)/xs. Finally, C,, rises from 0 to a small
but finite value as we transition from the linear to saturation regime in the transistor.
Figure 5.8 (a) shows the ‘capacitance diamond’, the five capacitances incorporated
into a small-signal equivalent circuit. Figure 5.8 (b) shows the capacitances, conduct-
ance, and transconductances of the transistor all in one complete small-signal model.
Often, vg is a fixed voltage. Then, Cy,, Cp,, and Cp,, all form grounded capacitances,
and C,, and C,, are analogous to C and C,, in bipolar transistors, respectively.

It is interesting to derive the general results of Equation (5.40) for certain special
cases that provide insight, easily obscured by algebra. If the transistor is saturated,
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The capacitance C,, is zero in the saturation regime since Oy =0, such that
changes in vp do not affect Q;(x) or any other charges in the transistor. In practice,
slight changes in the length of the transistor with changes in vp (Early effect
changes in the length) do reduce the total inversion charge such that C,, is
non zero.

If the transistor is in its linear regime with V=0, the square-root distribution
for Q,(x) changes to a flat distribution with Q;=Qy;. An infinitesimally small
change in charge at the source end or at the drain end caused by a Avg or Avp
respectively will result in the flat distribution Q,(x) acquiring a small triangular
increase in area due to the change in Qo with Q,; fixed or vice versa. Since the area
of a triangleis (1/2) base x height, only half of the charge increase at the source
end or drain end gets integrated into the total charge increase in the channel. Thus,
we can show by a similar derivation as in Equation (5.42) that, when Vps=0,

1
Cgs = Lgd = EWLCDx (543)

The capacitances Cp,, and C,, remain proportional to Cs and C,, With (1—x)/xg
as the constant of proportionality as C,s and C,, vary with V.

The capacitance C,, may be understood intuitively as follows. An increase in vg
results in no boundary-condition change in the surface potential at the diode-
clamped source end of the channel and thus no change in the gate charge at this
end. It does however result in a decrease in the magnitude of the bulk charge at the
source end due to the falling voltage difference across C,,. There is then a
concomitant increase in the magnitude of the inversion charge at the source end
to preserve charge balance. The increase in inversion charge at the source end
results in an increase in inversion charge throughout the channel due to the drift
generators in the channel. At the drain end of the channel, an increase in vy
increases the surface potential via a capacitive-divider mechanism if and only if
the drain end is in saturation since the diode-like element at that end is then off. In
general, v increases will attempt to increase the surface potential via a capacitive-
divider mechanism throughout the channel. However, the increase in inversion
charge due to the vp increase at the source (and/or drain end of the channel if it is
not in saturation) reduces the surface potential, thus attenuating the capacitive-
divider increase via a negative-feedback loop. The loop effectively operates via the
diode clamps at the boundary ends of the channel and propagates via the drift
generators into the interior of the channel. The net effect of the vp increase is then
to leave the surface potential and gate charge unaffected at the source end of the
channel and increase the surface potential in the interior of the channel slightly
with stronger increases towards the drain end of the channel and a maximal
increase at the drain end after it enters saturation. The total gate charge is reduced
due to falling voltages across the C,, capacitances when vg is increased, thus
making C,, positive. The capacitance C,, is zero if and only if V,g=0, because,
in this case, the increase in inversion charge at the boundary ends of the channel
does not alter the flat-and-constant surface potential in the channel, keeping the
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transitions gradually in a ‘bird’s-beak-like’ fashion from a thick-oxide overhang-
ing region to a thin-oxide channel region.

The actual capacitances of the transistor are composed of a portion due to intrinsic
capacitances and a portion due to extrinsic capacitances. If all intrinsic portions are
subscripted with an i and all extrinsic portions are subscripted with an e, we get

Cos = Cysi + Cise
Coq = Coii + Coae
Cps = Chsi + Chge (5.47)
Cpa = Crai + Chde
Cop = Cgpi + Cype

In addition to these capacitances, a well-to-substrate depletion capacitance,
Chre, 18 present in the transistor. This capacitance is important in circuits where
the well voltage changes, e.g., when the well is used as an input. The extrinsic
capacitances Cpge, Cpaer Cgpe. annd Cpp, are nonlinear depletion capacitances whose
values change with voltage, typically like an inverse-square-root function in
abrupt junctions.

Small-signal capacitance models in weak inversion

In weak inversion, to first order, the bulk charge and gate charge are equal in
magnitude and the inversion charge is zero. The source and drain terminal voltages
have no effect on the surface potential and thus no effect on the gate charge or bulk
charge. Thus, Cyyi, Ceuir Chsi» and Cpy; are zero. The only intrinsic capacitance that is
significant in weak inversion is

C()\'C( @
_oxtdep  yr
Cox + Cdep

CoxCon (1 — KS)
_ Ks WL (5.48)

Cgbi =

Cgbi = Cox(l — Ks)WL

The extrinsic capacitances in weak inversion are all identical to those in strong
inversion if the voltage dependencies of these capacitances are taken into account.
Thus, the capacitances in weak inversion are given by

Cgs = Cgsea ng = nge
Cbs = Chse;  Cra = Chae (5.49)
Cgb = C(,X(l — Ks)WL + Cgh(»

The overall small-signal circuit in weak inversion is identical to that depicted in

Figure 5.8 for strong inversion except that the values of the elements in the circuit
are those corresponding to weak inversion.
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Figure 7.6a, b, ¢, d. The total distance that an electron must diffuse before it completes a loop
and return to its starting point is independent of the sense of the loop (parts (a) and (b)).
Parts (c) and (d) show that it is also independent of the location of the starting point.

Thermally generated diffusion currents exhibit shot noise because the variance
in the round-trip clockwise or anticlockwise circuit travel times is well modeled by
a random Poisson process. Larger temperatures, which cause higher thermal
velocities, and smaller mean free times between collisions yield a larger value for
the diffusion constant and larger diffusion currents. If L is the effective channel
length between the edge of the source depletion region and the edge of the drain
depletion region, the transit time t = L?/2D, where D,, is the diffusion constant for
electrons in silicon. If we assume that the depletion-region travel times and
voltage-source travel times are negligible, a good approximation in long-channel
transistors, the transit time is a measure of the average time taken by an electron in
the channel to complete a round-trip clockwise or anticlockwise journey through
the full circuit and return to its starting point. Note also that, in our method of
accounting for Poisson events, a full circuit must be completed for the external
voltage source to register an electronic current. Incomplete motions of electrons
within the channel that do not result in external current flow do not register as
current events in the external circuit. Such motions may involve lots of path
retracing within the channel even after a long time interval has passed but will
eventually result in a round-trip motion. These motions are all part of the normal
randomness that causes variance in event arrival times in a Poisson process. The
external voltage source may be viewed as a small-signal short that couples elec-
trons that come in at one end directly to the other end with an almost-zero delay.
Thus, the diffusive motions may be viewed as occurring on a loop such that the
point of origin of an electron in the channel does not matter. Figure 7.6 (a) and
Figure 7.6 (b) illustrate that the mean travel time for an anticlockwise journey
and a clockwise journey are the same since L; + L, = L, + L, = L, respectively.
Figure 7.6 (c¢) and Figure 7.6 (d) illustrate that the mean travel time is also
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Figure 7.7. Experimentally measured power spectral density of drain-current noise in a
subthreshold MOS transistor as the region of operation of the device is varied from linear
to saturation. Reprinted with kind permission from [2] (©1993 IEEE).

density in the linear region, 4qlpgar. Figure 7.7 shows the first experimental
measurements of the electronic current and power spectral density of noise in
subthreshold MOS transistors [2]. The measurements are in good accord with
Equations (7.24) and (7.23), respectively. The power spectral density of the noise
in the subthreshold transistor decreases by a half because the total charge in the
device is reduced by a half as we move from the linear region to the saturation
region. Alternatively, if we view the external current as being composed of the
difference between a forward anticlockwise current of Ir and a reverse clockwise
current of I, Equations (7.23) and (7.24) are analogous to stating that

Iy =1Ip —Ig
Iy = Ipsar

~Vas/ (7.25)

IR = IFE

AR, = 2q(Iy + Iz) A

Thus, in this interpretation, the noise spectral density is due to the sum of the
shot noise of a forward diffusion current and a reverse diffusion current. It reduces
by a factor of two as we move from the linear region to the saturation region
because the shot noise of the reverse current, which is equal to that of the forward
current when Vpg = 0, goes to zero as the reverse current goes to zero. Equation (7.25)
reveals that the variance of the difference of two currents is maximal when both are
present even though the mean is minimal at this point, a straightforward application
of Equations (7.15) and (7.16), with «; = 1 and o, = 1. Figure 7.8 also reveals that
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Noise in devices

Some caveats about noise

Purely reactive devices like inductors, capacitors, masses, springs, i.e., devices
that store energy but do not dissipate it as heat, do not exhibit noise. They do
not exhibit noise because of a fundamental theorem known as the fluctuation-
dissipation theorem [15]. The theorem states that in order for a device to exhibit
thermal fluctuations, it must dissipate energy. The physical insight behind the
theorem is that dissipation couples a device to the many degrees of freedom of the
heat reservoir that always surrounds it. The device dissipates energy into these
degrees of freedom and these degrees of freedom, in turn, pour energy back into
the device which manifests as noise. If a device is ideal and lossless, then it is not
coupled to its surroundings, nothing can affect it, and therefore it does not exhibit
noise. The fluctuation-dissipation theorem is a generalization of the Nyquist-
Johnson formula for noise in an electrical resistor, i.e., Al = 4kTGAf, to noise in
any device that dissipates energy whether mechanical, chemical, etc. In Chapter 8,
we shall use this theorem to compute noise in mechanical MEMS resonators.
In Chapter 24, we shall use the concepts of noise discussed in this chapter and
in Chapter 8 to compute noise fluxes in chemical reactions.

Small-signal resistances that are not physical but that merely arise from defini-
tions, e.g. r, and r,, which are small-signal ac resistances (obtained by linearizing
the I-V curve of the transistor about an operating point) do not exhibit noise.
On the other hand, real resistances like rg and rg that may be present at the source
or gate terminals do exhibit noise.
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stiffness forces balance any electrostatic force mismatch. One undesirable
consequence of the capacitor mismatch is that a false dc acceleration is reported
at the output of the lock-in amplifier (the output after demodulation and filtering)
when none exists. Fortunately, in the vibration sensor that we have described such
an effect is easily cancelled: the dc value of the lock-in amplifier’s output is fed
back to alter the dc value of one of the static plates in a negative-feedback loop
such that electrostatic forces reestablish exact equality in the capacitances [1]. The
closed-loop bandwidth of this negative-feedback loop is set around 1 Hz to create
the highpass cutoff frequency of the vibration sensor.

Electrostatic force feedback is frequently used in BioMEMS applications to
create oscillations in MEMS resonators. In these cases, positive feedback rather
than negative feedback is utilized to excite the oscillation [2]. It is worth noting
that the Cy/xo dependence of the force in Equation (8.37) results in a negative
electrostatic spring stiffness due to positive feedback in any application: the closer
two capacitive plates get, the stronger is the electrostatic force between them,
which brings the plates even closer together. For overall stability in non-oscillatory
applications, the normal positive spring stiffness must exceed the negative spring
stiffness set by electrostatics. The MEMS example of this chapter provides useful
background for the BloMEMS applications discussed in Chapter 20.

Chapters 7 and 8 conclude our treatment of noise. The material of these
chapters is important for a deeper understanding of several chapters in the book,
including Chapters 11, 12, 13, 14, 15, 18, 19, 20, 22, and 24. These chapters also
provide further examples of low-noise low-power circuits.
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Figure 9.5. Nyquist plot of the phase-shift oscillator example.

the magnitude is 0 and the overall phase is —270°. For physical systems, the
magnitude of a(jw)f(jw) is an even function of w while the phase is an odd
function of w. The Nyquist plot for negative frequencies is then an exact replica
of that for positive frequencies except that it is mirrored about the real axis
such that a(—jw)f(—jow) = [a(jo)f(jow)]", i.e., complex-conjugate symmetry is
preserved.

Figure 9.5 shows that for 0 <K <8, the —1/K point falls outside both encircle-
ments of the Nyquist plot. For K> 8, the —1/K point is encircled twice by two
clockwise encirclements corresponding to N=2. Since P=0,Z=N+P=2,1i.e., we
have two zeros of 1+ Ka(s)f(s) in the RHP for K > 8, indicating instability for
these K. The Nyquist diagram is consistent with our root-locus answer. In fact, it
provides additional information as well. We note that for K <—1, the —1/K point
has one encirclement corresponding to one unstable pole for these K. The latter
case corresponds to the case of positive feedback since K is negative and corres-
ponds to the finding that the phase-shift oscillator is unstable if the positive-
feedback loop gain exceeds 1. Root-locus plots for positive feedback are discussed
later in this chapter and yield the same answer. For the phase-shift oscillator, the
root-locus plot for positive feedback has three asymptotes making angles of 0°,
120°, and 240° with the real axis; the 0° asymptote leads to the unstable RHP pole
for [K|>1,1.e., K <—1.

The example of Figure 9.5 reveals that the Nyquist plot and root-locus tech-
niques yield similar information. However, the Nyquist method can use experi-
mental information from Bode plots of a(jw)f(jw) even if knowledge about the
poles and zeros of a(s)f(s) is not available. Nyquist techniques can therefore
function when root-locus techniques fail and are consequently more general.

Nyquist-based criteria for robustness: Gain margin and phase margin

From the following algebraic manipulations on Black’s formula

Vou(s) _ als) I{W)f(s)] 1{ L(s) } (9.3)

Vi(s) — 1+a(s)f(s)  f(s) [1+als)f ()] f(s) [1 +L(s)]"




220

9.3.1

9.3.2

Feedback systems

(a) Reduced gain (b)

|L(jo)|

R Vour

1.0

Figure 9.9a, b. Reduced-gain compensation: (a) Bode plot and (b) circuit example.

crossover frequency. There are five common compensation techniques, which we
describe below [2].

Reduced-gain compensation

In this scheme, the loop gain of the feedback loop is simply lowered until there is
acceptable phase margin. Figure 9.9 (a) reveals an example Bode plot of a loop
transmission (a log-log plot of |L(jw)| vs. w) before and after compensation. By
simply lowering the loop gain, the unity-gain crossover frequency is forcibly
lowered such that phase contributions from only one of the two poles in |L(jw)|
are significant near crossover. Thus, the phase margin improves from nearly 0° in
the uncompensated case where both poles contribute an almost full —90° of phase
each, to nearly 90° in the compensated case where only one pole contributes —90°.
Figure 9.9 (b) reveals an inverting-amplifier circuit example which uses this form
of compensation. The presence of R. between the v_ and v, inputs of the
operational amplifier alters the loop gain of the uncompensated system from

AV(S)GQ to A‘,(S)Gz
G, + Gy G, + Gy + GL.

(9.9)

in the compensated system without noticeably affecting the overall closed-loop
gain at low frequencies where |A,(s)| > 1. Here, A, (s) is the operational-amplifier
gain, and G; = 1/R;. While the compensation improves the transient performance
of the loop considerably, the loop’s crossover frequency and consequently closed-
loop bandwidth are considerably reduced. Equation (9.3) reveals that a closed-
loop system’s frequency response begins to significantly deviate from its ideal
1/f(jo) behavior near and after |L(jw)| = 1; thus, the closed-loop bandwidth, i.e.,
the range of frequencies over which ideal behavior is exhibited, scales with the
loop’s unity-gain or crossover frequency.

Dominant-pole compensation

In this scheme, a slow large-time-constant system is introduced into the loop such
that, near the loop’s crossover frequency, the dynamics of the loop transmission
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feedback path gain and major loop gain are at their highest values such that a
good phase margin for this case guarantees a good phase margin for other cases
where the feedback path gain has an attenuating value, and the major loop gain
and crossover frequency are consequently lower. The shape of the net transmis-
sion is controlled by a well-defined passive component C.. and the minor loop has
about 90° of phase margin as well.

9.4 The closed-loop two-pole 7-and-Q rules for feedback systems

Frequently, well-behaved loop transmissions in circuit design can be approxi-
mated with a feedback loop that has two time constants and a dc loop gain A,
especially near their crossover frequency:

1 1
L(s)=A 9.12
(5) Ip <rb,-gs + l) (rm;s + 1> ( )

The closed-loop transfer function of a system with this loop transmis-
sion entirely in its feedforward path and with a unity-gain feedback path is then

given by
L(s)
H.
) =TI
( Ap ) (9.13)
— Ap +1
ThigTsml > (Tbig + Tsml)s 1
Alp +1 Alp + 1

Equation (9.13) can be rewritten in a form that describes the closed-loop system
as a second-order system with its transfer function in a canonical form

Acl
He(s) = E (9.14)
st +—+1
cl
By performing some simple algebra on Equation (9.13), the values of A, 7.,
and Q. in Equation (9.14) can be found to be

1= A
AL+
1 1+ A
_——= w}’t =
Tel TsmiThig (9 1 5)
14+ A,
ig + sm,
Tsml Thig
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Vour(s) 1 | ks AJ(1+x,A)

iin(s) B 8f S(Cin/gf)

| o \zinlSf)

+ 14+ 1A

Iy
h = .
where gf (/0 (11.3)

= Voul(s) = KT lt_n ks A/(1+15A)
= a ) |7 sCale)

1+ KA

Since i;, is a small change in the operating-point current of I;y , i.e., i;, = Aly,
Equation (11.3) may be re-expressed as

Vour(s) = (11.4)

kT (AIIN(S)> KSA/(I —|—A)
Ksq S(Ci’l/gf)
1+ rA

Iy 14

Thus, at any operating point Iy, the logarithmic transimpedance amplifier
transduces small fractional changes in its input Al /Iy into an output voltage
while speeding up the input time constant by (1 4 A). Since g, varies linearly with
the input /5y according to Equation (11.3), the small-signal time constant of the
logarithmic transimpedance amplifier varies linearly with /I;y and is operating-
point dependent unlike that of a linear transimpedance amplifier. The logarithmic
transimpedance amplifier is capable of wide dynamic range operation with a
modest power-supply voltage. Its scale-invariant fractional amplification is bene-
ficial in several applications where percentage changes rather than absolute
changes carry information, e.g., objects reflect or absorb a fixed fraction of the
light incident on them independent of the light intensity; consequently, it is
the relative Al/I contrast in time or space that carries information in a visual
image rather than the absolute intensity. The minimum detectable contrast in a
logarithmic transimpedance amplifier is input-current-intensity invariant because
the bandwidth and consequently integration interval of the system scales with
input current such that a constant number of electrons is always gathered during
sensing. In a linear transimpedance amplifier, the bandwidth and consequently
integration interval of the system are fixed such that the minimum detectable
contrast is worsened at low input intensities due to the gathering of few electrons
and improved at high input intensities due to the gathering of more electrons.
A logarithmic transimpedance amplifier effectively functions like a linear transim-
pedance amplifier with built-in gain control where Ry is changed with Iy such that
I;nRris a constant. Operation in the logarithmic versus linear domains is analogous
to floating-point versus fixed-point operation in digital number systems. Both
domains of operation are useful in various applications, with logarithmic trans-
duction being particularly beneficial in systems that need scale-invariant and wide-
dynamic-range operation.
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Figure 11.3. A phototransistor. The base terminal is left floating. Incident light generates a
photocurrent /; at the base that is then multiplied by the transistor’s current gain f.

to generate a forward current in the diode that balances its reverse short-circuit
current. Thus, if the diode has a characteristic pre-exponential constant of Ig, the
open-circuit voltage, voc, developed by the photodiode is given by

Yoc E11'1(1[,Hﬂ> (117)
q Is

A phototransistor can be built with a bipolar transistor that has a floating base
as shown in an example circuit in Figure 11.3. Each pn junction of the transistor
generates a floating photocurrent that attempts to forward bias the collector-
to-base junction or the emitter-to-base junction respectively. Since each floating
current source can be decomposed into two grounded current sources, the photo-
transistor may be well approximated by the circuit of Figure 11.3 with a light-
dependent base current that is amplified by the f of the bipolar transistor.
A phototransistor typically has more input capacitance at its base than does a
photodiode generating the same base current. When it is used in a transimpedance-
amplifier topology to generate photocurrent, the resulting bandwidth is deter-
mined by the slow dynamics at its base rather than by any speedup that may be
achieved at its emitter (pnp photocurrent) or at its collector (npn photocurrent).
The amplification of the photocurrent by f in the transistor does not improve the
signal-to-noise ratio of the photodiode since the dominant source of noise in a
bipolar transistor is usually base-current shot-noise, which is amplified by the
same factor of f§ as the signal photocurrent. For the same light-collection area,
photodiodes typically occupy a smaller area than phototransistors as well. For all
of these reasons, photodiodes are usually preferable to phototransistors in most
applications.

Figure 11.4 shows the host of pn junctions available in a normal CMOS process
that can be used to create photodiodes or phototransistors. Figure 11.5 shows the
host of pn junctions available in a BICMOS process that can be used to create
photodiodes or phototransistors. BICMOS processes include an additional p-base
layer, which increases the number of available photodevices. Not all of these
junctions are equally effective in transducing light to electrons. Figure 11.6 (a)
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ultra-low-power pulse oximeter, a medical instrument for noninvasive measurement
of the oxygen saturation level of hemoglobin in the blood via the use of infrared
and red LEDs and photoreceptors [2]. The pulse oximeter is further described in
Chapter 20.

Figure 11.8 (a) reveals the circuit of the photoreceptor. The transistor M, the
light-dependent current /;, and C;, form a source follower, which is shown in
Figure 11.8 (b) as a subcircuit. The transistors M, M,, and M4 form a high-gain
amplifier with a load capacitance C,, which is shown in Figure 11.8 (c) as a
subcircuit. The capacitors C; and C, form a capacitive divider, which is shown
in Figure 11.8 (d) as a subcircuit. The element R, in Figure 11.8 (a) represents a
very large adaptation resistance whose conductance is insignificant compared with
the admittance of capacitance C; at all but the lowest frequencies. We shall
approximate it as having an infinite resistance unless otherwise mentioned. We
shall discuss how R, is implemented with two back-to-back diode-like resistances
in parallel after discussing the rest of the circuit.

The overall topology of Figure 11.8 (a) is similar to that of the logarithmic
transimpedance amplifier of Figure 11.1 (b) with [; as an input, M5 as the feedback
transistor, and the high-gain amplifier comprised of M, M,, M4 and C,. However,
the reference voltage Vggr is implicitly established by the high-gain amplifier
subcircuit. Furthermore, the capacitive-divider and R, form a frequency-shaping
attenuation network in the feedback path that causes the ac gain to be higher than
the dc gain at all but the lowest frequencies. At equilibrium, the negative-feedback
loop establishes operating-point parameters such that I; flows through M5 and the
voltage vy is at an implicit reference value such that the current through M; and
M, is equal to that of the bias current of My.

The transistor M» in Figure 11.8 (c¢) functions as a cascode transistor to prevent
the C,, capacitance of M, from loading the input node V;, with a Miller capaci-
tance of value Cyy(1 + A), where A is the gain of the amplifier. Such loading is
detrimental to the bandwidth of the photoreceptor. It also increases the output
impedance and the gain of the amplifier through the usual mechanism of a
cascoding transistor (Equation (10.36) in Chapter 10). We can show that the
small-signal equivalent circuit of the high-gain amplifier of Figure 11.8 (c) is that
of Figure 11.9 with an output impedance r,, gain A, and input-referred noise
power per unit bandwidth v2(f) given by

ro = réw“//(rg/]z(l —|—gsrg/1‘) + rg[‘) ~ rgl“
1

K
8A :Kgx:f:gm of M,
t
ou 11.9
A= gy (11.9)
Vin
4ql,
V;21 ) )
8a

We have assumed that all transistors operate in saturation. Only the 2¢gl4 shot-
noise contributions of subthreshold transistors M, and M, affect the noise of the
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Figure 11.10a, b, c. Feedback block diagrams of the adaptive photoreceptor: (a) original form,

(b) and (c) two simplified forms.
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contribution of its noise to the output is usually small. Since g4 needs to be almost
A? /A, greater than g, for good phase margin, the noise per unit bandwidth of the
amplifier is almost A.;/A? times smaller than that due to the source follower. The
increase of the amplifier’s noise by the zero increases its contribution by a factor of
AIZP = (A/Ay)* at most, such that the amplifier’s noise per unit bandwidth over all
frequencies within the closed-loop bandwidth is still only 1/A.; times that of the
source-follower’s noise per unit bandwidth at most. Thus, in most practical situ-
ations, the noise of the photoreceptor is dominated by the source-follower noise and
the amplifier’s noise may be neglected.

From the analysis of the source-follower’s noise in Chapter 8, we can compute
that the minimum detectable contrast for a simple source-follower photoreceptor
with no transimpedance-amplifier speedup is given by

Al kT
g% _Cin
(11.22)
e AI,Z_ka 1 q

112 C,’n ¢5,2 - Cin¢t

With a speedup of (l +A1p), the closed-loop bandwidth is increased such that
the total noise is increased. Thus, the minimum detectable contrast is increased
and is given by Equation (11.23) below:

AI,Z_ q
112 _Cin¢1

A[[ - q
he <1_1> Gy (1 +A/p)

Figure 11.13 and the associated caption, which are adapted from [1], present
measurements of the output noise of the photoreceptor of Figure 11.8 and the
source follower of Figure 11.7. The photoreceptor simply amplifies the noise per
unit bandwidth of the source-follower by about as much as it amplifies an
intentional periodic LED light input (the tone inputs in Figure 11.13). Thus, it is
hardly increasing the input-referred noise per unit bandwidth but it does increase
the bandwidth of the system, and therefore the total input-referred noise and
minimum detectable contrast. The bandwidth of the noise is the largest when
the cascode transistor M5 is used.

Equation (11.23) suggests that a good photoreceptor with a small minimum
detectable contrast must have a large capacitance. Such a photoreceptor can be
built by scaling up the area of the photodiode until the intrinsic bandwidth of
the photodiode self limits (since /;, g, and the depletion capacitance C,, of the
photodiode all scale with its area); A;, is chosen to yield the desired speedup
needed at the lowest light intensities and I, is chosen to yield stability at the
highest light intensities; then, from Equation (11.23), the size of the photodiode
needed to yield the minimum detectable contrast can be computed. A 100 pF value
of C;, and Aj, = 35 yields a minimum detectable contrast of nearly 0.16%.

(1 +A1p)
(11.23)
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Figure 11.13. Experimentally measured output noise spectra of the adaptive photoreceptor and
the simple source-follower photoreceptor. The input-referred noise of the two receptors is
almost identical. The noise spectrum of the instrumentation used for making the measurement
is also shown for convenience. Reprinted with kind permission from [1] (©1994 IEEE).

The adaptation resistor R,

Figure 11.14 shows how the adaptation resistor R4, thus far assumed to be infinite,
is constructed with two back-to-back diode-like elements [1]. The device is made
with a single well transistor such that an MOS transistor is operative when
Vou = Vo > Vyin Figures 11.8 (a) and 11.14, respectively, and the parasitic bipolar
transistors present in every MOS transistor are operative when Vo < V. The lateral
bipolar transistor revealed in Figure 11.14 typically plays a much smaller part than
the vertical bipolar transistor due to the vertical bipolar’s significantly better f.
Thus the circuit model shown in Figure 11.15 (a) only analyzes the functioning of
R4 with one vertical bipolar transistor. It also explicitly adds parasitic photocur-
rents that appear in any real photoreceptor due to unwanted light leakage onto the
pn junctions of R4. The large I,,.;;” parasitic photocurrent due to the well-substrate
junction is absorbed into the bias current of M, in Figure 11.8 and does not affect
the circuit’s operation much, one of the benefits of this configuration. Any stray
electrons that diffuse into the n-well region are also absorbed. Figure 11.15 (b)
reveals the exponential I-V curves (with slopes differing by a factor of x) that
result from the subthreshold MOS transistor and the bipolar transistor.
Simple analysis of the circuit of Figure 11.15 (a) yields:

=iy —ip +1par
AV =VYour — VF
iM :IO@KAV/O/ (1 — eiAv/OI)

I .
ip = E (e‘AV/d" - 1) at voyr side

=1 (e’AVW — 1) at vp side

(11.24)
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Figure 11.14a, b, ¢. The adaptive element used in the photoreceptor: (a) shown in two
schematic forms, (b) conducting as an MOS transistor and (c) conducting as a bipolar
transistor with two collectors. Reprinted with kind permission from [1] (©1994 IEEE).

b) 108
(a) ( )10,10

o1

_—
iy ———
o

\(/:,: —I__r vogr Epolar

/par 0
\_[\7
f\f\;\®\ MOS
>
-5
1 j)«vvv»
— ~10 -0.5 0 0.5
Voltage (V)

Figure 11.15a, b. The adaptive element: (a) transistor-level schematic including parasitic
photocurrents and (b) experimentally measured / — V curves, showing that the element
behaves like two back-to-back diodes. Reprinted with kind permission from [1]
(©1994 1EEE).

From Figures 11.15 (a) and 11.8 (a), we can conclude that the gate-node (the vx
node) conductance at equilibrium G4 = 1/R4 determines the value of a zero
located at —1/R4C, beyond which the attenuation of the R4y — C; — C;, fre-
quency-shaping lead network begins and the location of a pole at 1/Rs(C||C2)
at which it asymptotes. The value of G, can be determined from small-signal
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In Figure 12.6 (b), the bump transistors have been ratioed to have a W/L that is
w times larger than those of their diode-connected input transistors. The deriv-
ation below then reveals that
i Ky .

iOUT:i+—i_;iB:i_»'_‘i’l‘_‘i’Wﬁ;l’_’_ :e<’r;i_ —=en
+ —

12.10
sinh x ( )

. . K(V+ — V_)
1 = jg————— _—_—
OUr =g+ coshx

P

Whereﬁzl—&—g and x =

If w = 2 such that f = 2 as well, then ipyr is maximally linear in that its Taylor
series expansion with x has no third-order term:

sinh x x X X! X

_smhy _x X X X L 12.11
2 tcoshx 3 540 4536 77760 (12.11)

In comparison, a conventional differential pair without the bump transistors

would have an output current described by
x x xX X 17x7
tdnhz—z—ﬁﬁ-m—m‘f”” (12.12)

By comparing the coefficients of the linear term in Equations (12.11) and (12.12),
we find that a bump-linearized differential pair with w = 2 has lower transconduc-
tance by a factor of 3/2 at the origin and is also significantly more linear than a tanh
function. The lowered factor for transconductance is intuitive since at w = 2, the
bump arm and each of the two differential arms each have a current of I /3 rather
than /g /2 in a differential pair.

If w is extremely large, the transconductance at the origin reduces considerably
(by a factor of 4/(4 + w)) but the saturation current is unchanged such that the
I-V curve of the circuit of Figure 12.6 (b) exhibits a flat expansive dead zone at
the origin followed by a compressive return to output saturation. If w is small, the
transconductance is attenuated throughout without any changes from expansivity
to compressivity. At w = 2, the expansive nature of the curve at the origin is
exactly compensated for by the compressive nature of saturation such that maxi-
mally linear operation is achieved.

The net result of bump linearization at w = 2 is that the effective linear range is
increased by 3/2. This linear range increase is also seen in the WLR circuit of
Figure 12.2, such that the overall linear range is given by modifying Equation
(12.5) by a factor of 3/2:

v, =2 x 2 (1+i+£)= 3 <1+i+£) (12.13)

21—k Ky Ky 1—x K, Kp

Figure 12.7 (a) reveals experimental data for a WLR circuit for various different
values of w. We see that, at w = 0, the I-V curve of the WLR is well fit by a tanh
curve with V;, = 1.16 V. Even large w’s only cause gentle distortion suggesting that
achieving w = 2 exactly is not critical and consequently that the WLR circuit is
well tolerant of mismatch in w. Figure 12.7 (b) reveals that the 3/2 increase in



324

Low-power transconductance amplifiers

its gain with sophisticated automatic-gain-control circuitry such that we do not
have to manually turn a knob to sense soft signals versus loud signals as we do in
an oscilloscope.

We find experimentally that the white-noise term dominates over the 1/f noise
term in determining the output SNR of our filter because the use of large mostly
pFET transistors reduces the value of Kz, because white noise is often dominant in
ultra-low-power subthreshold circuits, and because frequencies below 1 Hz are
filtered out by offset-adaptation circuits. Thus, if we only keep the white-noise
term in Equation (12.24), we find that

20V,
Ng

SNR = (12.25)

Thus, if white noise dominates our system, more linear range implies more dynamic
range. If the bias current of the amplifier is /p, the bandwidth of the filter f. is given
by
- 2nCVy

fe (12.26)

We can then compute the power needed to attain a given bandwidth and SNR
to be

P =2Vpplp
P = 2Vpp(2nf.CV,) (12.27)
P = (VopnNg)(fe) (SNR)

Thus, we see that it costs power to attain precision (SNR) and bandwidth, a lesson
true in all circuits. The cost of getting a better signal-to-noise ratio with a wider
linear range amplifier V; is not free. The wider linear range improves signal-
to-noise ratio because the maximal signal power scales like V7 while the noise
power scales like V; such that there is a net improvement in SNR that scales like V.
But the reason that the noise power only scales like V; even though the input-referred
noise per unit bandwidth scales like V7 is that the bandwidth f. which scales like
Ig/Vy is reduced thus leading to more averaging. Thus, if I is kept constant
between two designs, one of which has a large V; and the other of which has a
small V;, the large-V; design will have large SNR and a small bandwidth while the
small-V; design will have small SNR and large bandwidth. Thus, to maintain
bandwidth at the value possessed by a small-V; design, we need to increase Ip
proportionately with V; in a large-V; design. The bandwidth increase achieved by
increasing Iz does not increase the noise and maintains the SNR at that given by
Equation (12.25). Though there is less averaging in the latter case, the input-
referred noise per unit bandwidth falls such that the total output noise is only
determined by the capacitance and topology and independent of I as we’ve seen
on multiple occasions.

Figure 12.18 (a) illustrates that, in a thermal-noise-limited design, if V; is
increased, the noise per unit bandwidth increases proportionately with V? and
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Figure 12.19a, b. A low-voltage subthreshold transconductance amplifier is shown in
(a) and a low-voltage above-threshold transconductance amplifier is shown in
(b). Reproduced with kind permission from [4] (©2005 IEEE).

processes, a linear range that exceeds Vpp is not needed: a linear range of Vpp/2
provides rail-to-rail operation with a common mode voltage of Vpp/2. Such a
linear range can be obtained by using a subset of the linearization techniques
described in this chapter rather than by using all of them. Figure 12.19 (a) reveals a
subthreshold design suited for low-voltage operation and Figure 12.19 (b) reveals
an above-threshold design suited for low-voltage operation [4]. Before we describe
either design, we shall briefly digress to discuss seven general principles for low-
voltage analog design. We shall then show how these principles manifest them-
selves in the particular circuits of Figure 12.19 (a) and 12.19 (b).

1. Since each transistor in a series stack causes a loss in saturated operating range
of at least Vpgar (Vs if the transistor is diode connected), series stacking of
transistors should be minimized in low-voltage designs.

2. Weak-inversion operation minimizes Vpga7; therefore, unless high-speed require-
ments do not prohibit its use, it is preferable in low-voltage operation.

3. Itis advantageous to not set the well-to-source voltage vyys = 0 but to use vy as
a degree of freedom in low-voltage design: the well can serve to modulate the dc
biasing current while the gate serves as the primary ac input, or vice versa. The
use of two control inputs rather than one is always advantageous as we have
seen in the example of gate degeneration but it is particularly so in low-voltage
design. If only one control input is used, say vgs, the dc voltage V55 must equal
Vpp/2 to maximize voltage headroom; deviations in Vg from Vpp/2, which are
needed to alter the dc biasing current, will then compromise voltage headroom
on the vy, ac input at either the top or the bottom rail; however, if Vy is also
available as a control input, Vg can be fixed at Vpp/2 maximizing input ac
voltage headroom while Vi can be varied to alter the dc biasing current.

4. If Vpp is small and less than the junction turn-on voltage, Vi can be biased to be
—Vpp without danger of turning on the parasitic bipolar transistor in Figure 12.8.
Thus, Vyy can be reduced to improve overdrive gate voltage in strong inversion,
and rail-to-rail operation on the well voltage may be possible.
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Table 13.2 Parameters of a resonant lowpass transfer function in various representations

aand b w, and Q w, and © w, and 6
Underdamped a>0,b>0 05<Q<o0 0<O<mn/2 0<f<m
region
Gain > l region 0<a<b 1/V2<0< o0 0<O<n/4 0<b<m/2
Damping a/va*+ b? 1/(20) sin © sin(6/2)
Peak frequency vb* —a? wa/1—1/(20%) ®,V/cos 20 w, Vcos b
Peak gain (a® + b?) /2ab Q/( -1 /(4Q2)> 1/(sin20) 1/(sin §)
—90° frequency  Va? + b? W, oy, W,
1
—90° 772 i
9g(;infrequency V1+b2/a?/2 Q 1/(2sin @) 25in(0/2)
Unity gain 202 —a?)  wu/2-1/(0?) ®,V2c0820 wyV2cosé
frequency >
b- —a” £+ 2ab 1 1 1
3 dB frequencies ——=———— w,| 1l —z5*—= —— | ,(cos20 x5in20) w,(cosfh *sind
a N ( 20070 4Q2> ( ) ol )

computer than to any practical engineering or physical system. Nevertheless,
Table 13.2 parameterizes the properties of resonant lowpass transfer functions
in various representations. The w, and 0 representation is the —s>-plane represen-
tation while the w, and © representation is the usual s-plane representation
with sin(©) = 1/(2Q). Thus, § = 20. All of these properties were first derived in
the —s>-plane representation and then mapped back to the other representations.
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The impedance of free space

In Figure 17.1, if the medium is free space, R = oo everywhere except at very
high fields. Thus, just as an infinite one-dimensional transmission line is capable
of propagating waves in two directions, the three-dimensional LC mesh of
Figure 17.1 is capable of propagating waves in all directions with a speed of
propagation given by ¢ = 1/4/(ue), the speed of light, and has a characteristic
impedance at any point given by n = /(u/€). The parameter 7 is referred to as the
impedance of free space, which evaluates to 1207 (2. By analogy to the one-
dimensional transmission-line case, we also find that E(x,y,z) = nH(x,y,z) for a
plane wave propagating in any direction.

The impedance of free space 7 is a constant that scales the impedance of several
electromagnetic structures. For example, a co-axial BNC cable with a cylindrical
inner conductor of radius ry, a cylindrical concentric outer conductor of radius r,,
and an insulating material between the conductors characterized by ¢ and p has a
capacitance C per unit length, inductance L per unit length, and characteristic
impedance Z, given by

C— 27[,8
ln<’—2>
I
L:ﬁln(f_z)
2n \n (17.12)
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2n n(n)

Thevenin-equivalent circuit models of antennas

Accelerating charges or changing currents in a transmitting antenna radiate
electromagnetic waves into free space represented by propagating E and H ‘far
fields’ in free space. These radiated far fields, after a time delay determined by the
speed of light, cause charges and currents in a receiving antenna to change such
that we can say that an energy exchange has occurred between the transmitting
antenna and the receiving antenna. The loss of energy in the transmitting antenna
causes it to have ‘damping’ or an effective ‘radiation resistance’. The gain in
energy in the receiving antenna causes it to develop a source voltage or source
current across its terminals that is proportional to the local field strength.

In addition to radiating or receiving electromagnetic energy, antennas also store
inductive and capacitive energy in the E and H fields that are present near them,
i.e., in their ‘near fields’. Such fields are not radiated but effectively function like
field lines that begin and end on antenna structures (capacitive E fields) or form
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KnOvhN + KpOyinp

Vop > 6
DD—( Kn + 1)

) + ¢, In(10) (21.8)

From Chapter 6, in a 0.1 um process, the A,,, parameter, which describes the
threshold-voltage variation is ~3.2mV.um such that a minimum-size ~0.1 ym
device has o,,y and o,,p at ~32mV. Equation (21.8) then predicts that
Vpp > 250mV. A symmetric analysis can be performed for the other case where
we have a weak PMOS transistor and a strong NMOS transistor, which also yields
Equation (21.8). Thus, robustness to transistor mismatch sets a minimum value of
Vpp that is far in excess of that predicted by gain (50mV) and noise-margin
(100 mV) considerations alone. Of course, the use of non-minimum-size devices
will lower a,,,5 and a,,,p such that Vpp can be lowered at the cost of some increase
in switching-capacitance-based and static power consumption (see discussion in
next section). As we discuss in Chapter 22, in both the analog and digital domains,
robustness and efficiency always trade off with each other.

For most practical power-supply voltages in excess of 100 mV, the gain of a
subthreshold CMOS inverter is set by short-channel DIBL effects rather than by
saturation effects (see Chapter 6 for a description of DIBL in short-channel
transistors). If the DIBL coefficient is given by 7, then, from a small-signal
analysis similar to that in Equation (21.4), we can compute the inverter gain to be

Kn + Kp
M+ p

since, typically, x > 0.6 and 1 < 0.1, A;,, is at least 6.

If Vpp is sufficiently large (greater than 100 mV), and we apply a step input to
the CMOS inverter, to an excellent approximation, we may assume that only the
NMOS transistor is on for a positive step input and that only the PMOS transistor
is on for a negative step input. Thus, if we assume that k, = x, = x for simplicity,
the delay of the CMOS inverter to a step input, Tj,, can be computed by
calculating the time taken by the on current of either the NMOS or PMOS
transistor to discharge or charge its load capacitance C; by a voltage differential
of magnitude Vpp respectively:
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Figure 22.3a, b. Analog-digital crossover curves. Reprinted with kind permission from [11].

Thus, for several computations and typical parameter values corresponding to
these computations, a plot of Equations (22.10) and (22.11) in Figures 22.3 (a) and
22.3 (b) reveals that the power and area costs of analog computation are signifi-
cantly below those of digital computation at low and moderate values of SNR
respectively.

At large values of SNR, maintaining such high SNR on a single analog wire
requires very low levels of thermal noise and 1/f noise, which drastically increases
power and area costs for analog computation. In contrast, in digital computation,
several 1-bit precise simple logic units can collectively interact with each other to
efficiently implement the computation. For example, in the computation of addi-
tion, the simple mechanism of a 1-bit carry between adjacent digital adder stages
serves to define the overall collective interaction. Thus, the costs for power and
area only scale polynomially in the number of bits or logarithmically in the SNR
as Equation (22.11) reveals. Therefore, Figure 22.3 reveals that at high SNR it is
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Figure 24.2a, b. Michaelis-Menten association reaction and acid dissociation reaction.

understand Michaelis-Menten kinetics of enzyme-substrate saturation or of
another association reaction as resistive-divider saturation.

In many biological systems, typically [E,] leads to significantly slower production
of a product P at a flux rate of v[E,] via a further unidirectional reaction,
accompanied by unbinding of the enzyme and substrate. This reaction is easily
represented by including a resistance of value 1/v in parallel with the resistance
1/k, in Figure 24.2 (a); in addition, a voltage-dependent transconductance whose
output current depends on [E}] as v[E}] charges a capacitance C, = 1; the capacitor’s
voltage then represents the concentration of P. Thus, simple circuit blocks can also
represent Michaelis-Menten kinetics more exactly if needed. However, the essential
dynamics of Michaelis-Menten kinetics are well represented by Equations (24.2),
(24.3), and Figure 24.2 (a).

A dissociation reaction, e.g., that due to an acid, is given by

k
HA=—H" + A~ (24.4)

-

The reader should be able to show that the circuit of Figure 24.2 (b) represents
this reaction with [A/] being the amount of acid in total form (undissociated as [HA]
or dissociated as [A~] = [A4], i.e., [A;] = [HA] + [A4]).

Every chemical reaction, e.g., the enzyme-substrate binding illustrated in
Figure 24.3, implicitly has two negative-feedback loops embedded within it. The
first feedback loop arises because the concentration of reactants falls if the concen-
tration of products builds, thus slowing the forward reaction; this constitutes the
major loop of Figure 24.3. The second feedback loop arises because the backward
reaction speeds up when the concentration of products builds; this constitutes the
minor loop in Figure 24.3. At steady state, the 1/s integrator has infinite gain such
that the feedback path of the minor loop determines the closed-loop transfer
function of the minor loop. Thus, the feedback loop of Figure 24.3 also leads to
Michaelis-Menten saturation except that the saturation is now viewed as a high-
loop-gain effect with loop gain [S]/K,. The major loop in Figure 24.3 corresponds
to the restorative current through resistance 1/ in Figure 24.2 (a). The minor loop
in Figure 24.3 corresponds to the restorative current through 1/k, in Figure 24.2 (a).

One difference between the chemical resistive-divider circuit of Figure 24.2 (a)
and actual electronic resistive-divider circuits lies in their noise properties. The
current in real resistors flows by drift while their 4 kTR current noise per unit
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Stochastics in DNA-protein circuits

Poisson noise in mRNA-production flux can be mimicked by Poisson electronic
current noise in a manner analogous to that discussed previously for protein-
production flux. However, the noise levels in mRNA production for some genes
can be high enough such that extremely low currents and extremely small capaci-
tances become necessary in electronics to mimic the same low signal-to-noise ratio
(SNR) in biology. The resultant noise in electronics is then not well controlled or
predictable. Therefore, it is sometimes advantageous to artificially introduce a
controlled level of noise in a relatively quiet electronic circuit to mimic high-noise
signals in biology. Figure 24.12 illustrates a circuit for doing so.

In Figure 24.12, the current-mode integrator with output capacitor C and 2/,
implement a current-mode version of the R™™AC lowpass filter in Figure 24.11.
That is, 21, and C correspond to I, and C in Figure 14.9 in Chapter 14 on current-
mode circuits. Similarly, v,,zna and i,gna correspond to voyr and ipyr in Figure
14.9 respectively. Instead of a constant 2/, in a traditional current-mode lowpass
filter, however, the leak current 21, is pseudo-randomly switched on and off with
a duty cycle of 0.5. Thus, the average value of the leak current that sets the lowpass
filter time constant is Ig, as in a traditional circuit but the random switching
introduces a stochasticity in this leak current. The log voltage on the current-
mode capacitor is exponentiated and converted to a current i,,zy4 that encodes the
level of mRNA as in any current-mode circuit. The current i,,zy4 is gained up by
Psvr and used to control the frequency, fcco, of a current-controlled oscillator
(CCO). The output switching frequency of the oscillator is proportional to i,zya
according to feco = Pnrimrna/qcco, where geco depends on design parameters
internal to the CCO. Thus, as mRNA levels rise, the control current and switching
frequency of the CCO rise in proportion. The linear feedback shift register
(LFSR) converts the digital output of the CCO to a random switching signal via
a classic pseudo-random-number generator technique [13]. Thus, the output of the
LFSR randomly switches the I, current on and off with a switching frequency
fcco that is proportional to the mRNA level encoded by i,,zy4. Consequently, as
mRNA levels rise, a consequence of a higher mRNA production rate, the arrival

Current VmRNA 'mRNA

o—| mode ’ exp S
lactv integrator AN
2/Ry ¢

{1

Figure 24.12. Artificial noise generation circuit for low SNR. Reprinted with permission from
[14] (©2009 IEEE).

CCO — LFSR
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AraC are not simultaneously present; thus, AraBAD protein production is never
triggered if glucose is only briefly absent. Figure 24.15 (b) shows that long
absences of glucose inducer allow enough time for AraC protein production to
build up and reach equilibrium such that sufficiently large amounts of active CRP
and AraC are simultaneously present; thus, AraBAD protein production is trig-
gered if glucose is absent for a consistently long duration. Hence, the FFL circuit
of Figure 24.14 ensures that the relatively expensive production of proteins needed
to process arabinose, a sugar that has a higher cost/benefit ratio than glucose, is
only initiated if glucose has been absent for a sufficiently long time.

In many molecular circuits in bacteria and yeast, delays in transcription and
translation are relatively negligible compared to mRNA or protein degradation
time constants, respectively. Thus, they can often be approximated by increasing
these time constants a little. In mammalian cells, however, the delay in the
transcription of relatively long genes, which is ~30 minutes, can exceed the
mRNA degradation time, which can range from 10 minutes to 10 hours. In certain
feedback circuits, the representation of these delays is crucial. Such delays can be
programmably represented by conventional clock-counting or one-shot techniques
that activate fjogic in Figure 24.11 only after a delay. Such delays can be program-
mably incorporated into the chip from which the data of Figures 24.13 and 24.15
were gathered as described in [14].

Circuits-and-feedback techniques for systems and synthetic biology

Circuits can often shed insight into biology that is harder to obtain in a different
language. For example, work described in [15] has shown how slow outer hair cells
in the ear with a time constant of 1 ms can amplify sounds at frequencies over
100kHz, a two-decade-old mystery. This work shows that while the open-loop
time constant of the piezoelectric outer hair cell is 1 ms, the presence of negative
feedback in the cochlea with a gain-bandwidth product that is large enough results
in a closed-loop system capable of amplification at higher frequencies: the process
is analogous to how an operational amplifier with an open-loop time constant of
10 Hz can exploit negative feedback to build an amplifier with a gain of 107 at
10 kHz because its gain-bandwidth product is 10”. In the cochlea, the situation is
slightly more complex since the overall negative-feedback loop in the cochlea has a
resonance as well, but a simple negative-feedback and root-locus analysis shows
that the resonant gain is also improved by negative feedback, thus further enabling
high-frequency amplification [15]. Thus, circuits-and-feedback concepts can shed
light into how biological systems work. This book has presented circuit models of
the heart in Chapter 20, of the neuron in Chapter 15, and of the ear, vocal tract,
retina, and neurons in Chapter 23, which allow us to rapidly understand how these
systems work. Circuit models are efficient because they are inherently designed to
graphically represent interactions between devices in a system in a meaningful way
that lead to functional sub-blocks. Such sub-blocks can parse complex systems



830

Energy harvesting and the future of energy

Then, Equations (16.35) and (16.36) in Chapter 16 apply exactly to piezoelectric
energy harvesters and describe their energy efficiency. From [§], since the mathemat-
ics of through-and-across variables is very similar for electromagnetic and electro-
static energy harvesters, we can analyze other motion-energy harvesters through the
equations of Chapter 16 as well. Through variables are analogous to generalized
current variables while across variables are analogous to generalized voltage vari-
ables. Later in this chapter, we shall discuss the operation of electric motors, which
are electromagnetic energy generators (harvesters) that operate in reverse. This
discussion will further illustrate the similarity between different kinds of electromech-
anical devices.

In Chapter 16, since we had a required load power consumption in the second-
ary and we wanted to ensure that the reflected power consumption in the primary
due to this load was maximal, we focused on optimizing energy efficiency. In many
energy-harvesting situations, energy efficiency may not be as important as maxi-
mizing energy transfer, i.e., getting as much absolute energy out of the harvester as
possible, even if it means that a large fraction of energy is wasted. For example, in
a resistive-divider circuit composed of a voltage source with a source impedance
Rs driving a load impedance R;, energy efficiency is maximized when R; > Ry;
maximum energy is transferred from the source to the load when R; = Rg, where
the energy efficiency is only 50%. In this case, in the terminology of Chapter 16, it
can be shown that for maximal power transfer

opt _ Q2
L1+ R010:
The power dissipated in the electrical load P, at this optimal value is related to

the power dissipated at the mechanical input with no reflected load (d or k = 0),
P,,, according to

(26.7)

P _1( K00
P, 4 (k2Q1Q2 + 1) 268

Piezoelectric harvesters for wireless sensor networks are described in [10] and
have generated 180-335 uW in 1 cm® of volume. They can be adapted for use in the
noninvasive medical-monitoring systems described in Chapter 20. A piezoelectric
energy harvester that scavenges energy from compression of the shoe sole has been
able to generate 0.8 W of electrical power [11], [12]. Attempts to generate large
amounts of electrical power from body motions, however, create a significant
reflected electrical load on the mechanical side such that the metabolic effort
needed to generate electrical power is consciously felt by the user. Since only
25% of the chemical oxidative energy of glucose is output as useful mechanical
work by the body, even a highly efficient energy harvester at 31% can lead to a
metabolic load to the body that is 12 times greater than the energy being har-
vested. One innovative effort to reduce such metabolic loading on the body uses
an electromagnetic energy harvester placed on a knee brace slightly above the
knee that harvests energy only during leg decelerations. It helps the leg to
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the driver and his control strategy of the actuating system, i.e., the car, ensures
that the car stops and starts at needed positions along the way, with what is
usually adequate precision. Thus, the task, technology, topology, speed, and
precision costs of a low-power system illustrated in the low-power hand of
Figure 1.1 also apply to cars. The car already implements one good principle
of low-power design through its use of a feedback loop, i.e., it separates the costs
of speed and precision by having an accurate sensor (the driver’s eyes) and control
system (the driver’s brain) determine the precision of transport while the actuator
determines its speed. The mutual information that is of relevance in a transporta-
tion task is that between a desired smooth, relatively fast transport trajectory
in the head of the driver and the actual transport trajectory that is achieved.
In the future, a trajectory that weighs the costs of carbon emissions will also be
important.?

One principle of low-power design that cars can exploit in the future lies in
improving the balance between computation costs and communication costs. Cars
can wirelessly communicate with traffic lights and with each other such that the
transportation of several drivers is more optimal, therefore saving energy. For
example, traffic lights could automatically adapt their timing within a reasonable
range such that the directions and locations of high flux have lower waiting times
than the directions and locations of lower flux. Traffic lights can be coordinated
and synchronized like interacting phase-locked loops that receive correction
inputs based on traffic flux counts. Traffic lights could also adapt to patterns that
are automatically recognized as being due to an accident scenario. The power
costs of wireless transmission for relatively short ranges is extremely cheap,
especially when compared with the phenomenal power costs of transportation
(1 to 10 W versus tens of kW). Furthermore, energy harvesting from LEDs in
traffic lights or RF transmissions from incoming cars can provide constant rechar-
ging boosts to such systems such that they can be self-powered (see Chapter 17 for a
discussion of far-field wireless recharging systems). Car-to-car hopping can be
used for longer-range communication, which is significantly more power efficient
per unit distance than a non-hopping strategy (N(R/N)2 < R? for N> 1 in an
N-hop network). Needless to say, the benefits of such sensor-network schemes will
have to be weighed against their costs and ease of implementation within an
existing infrastructure. Adaptive traffic lights and car-to-car communication are
being researched [33].

We shall now shift gears from discussing how to minimize power consumption
to discussing how to generate power. We shall begin with what is likely to be the
most important source of the power in our future, solar electricity.

3 Accidents result because of conflicting control algorithms in the heads of different drivers, the
imprecision and/or slow reaction times of a drunk-driver’s control algorithm, or the disobedience
of traffic rules. Thus, driving precision is strongly determined by feedback loops. The power costs of
precision are largely borne by the driver and are relatively small. From [27], D.J. Morton and
D.D. Fuller. Human Locomotion and Body Form (New York, NY: Waverly Press, Inc., 1952), they
are estimated to be an additional 83 W over the basal 81 W metabolic rate of the driver.



Bibliography

Advanced Energy Group. Solar Insolation for US Major Cities. Available from:
http://www.solar4power.com/solar-power-insolation-window.html.

Affymetrix. Available from: http://www.affymetrix.com/index.affx.

L. C. Aiello. Brains and guts in human evolution: The expensive tissue hypothesis.
Brazilian Journal of Genetics, 20 (1997).

J. Aizenberg. Crystallization in Patterns: A Bio-Inspired Approach. Advanced Materials,
16 (2004), 1295-1302.

E. V. Aksenov, Y. M. Ljashenko, A. V. Plotnikov, D. A. Prilutskiy, S. V. Selishchev and
E. V. Vetvetskiy. Biomedical data acquisition systems based on sigma-delta analogue-
to-digital converters. Proceedings of the 23rd Annual International IEEE Engineering in
Medicine and Biology Conference (EMBS), Istanbul, Turkey, 3336-3337, 2001.

R. McNeill Alexander. Principles of Animal Locomotion (Woodstock, Oxfordshire, UK:
Princeton University Press, 2003).

John Morgan Allman. Evolving Brains (New York: Scientifc American Library: Distributed
by W. H. Freeman and Co., 1999).

Uri Alon. An Introduction to Systems Biology: Design Principles of Biological Circuits
(Boca Raton, FL: Chapman & Hall/CRC, 2007).

J. Ammer, M. Bolotski, P. Alvelda and T. F. Knight, Jr. A 160 x 120 pixel liquid-crystal-on-
silicon microdisplay with an adiabatic DACM. Proceedings of the IEEE International
Solid-State Circuits Conference (ISSCC), San Francisco, CA, 212-213, 1999.

H. Andersson and A. Van den Berg. Microfluidic devices for cellomics: a review. Sensors
and Actuators: B. Chemical, 92 (2003), 315-325.

A.G. Andreou, K. A. Boahen, P. O. Pouliquen, A. Pavasovic, R. E. Jenkins and
K. Strohbehn. Current-mode subthreshold MOS circuits for analog VLSI neural
systems. IEEE Transactions on Neural Networks, 2 (1991), 205-213.

A.Q. Ansari and D.J. F. Bowling. Measurement of the Trans-Root Electrical Potential
of Plants Grown in Soil. New Phytologist, 71 (1972), 111-117.

J.F. Apgar, J. E. Toettcher, D. Endy, F. M. White and B. Tidor. Stimulus design for model
selection and validation in cell signaling. Public Library of Science Computational Biology,
4 (2008), ¢30.

S.K. Arfin, M. A. Long, M. S. Fee and R. Sarpeshkar. Wireless Neural Stimulation in
Freely Behaving Small Animals. Journal of Neurophysiology, (2009), 598—605.

W.C. Athas, L.J. Svensson, J. G. Koller, N. Tzartzanis and E. Y.-C. Chou. Low-power
digital systems based on adiabatic-switching principles. IEEE Transactions on Very Large
Scale Integration (VLSI) Systems, 2 (1994), 398—407.



860

Bibliography

W. C. Athas, L.J. Svensson and N. Tzartzanis. A resonant signal driver for two-phase,
almost-non-overlapping clocks. Proceedings of the IEEE International Symposium on
Circuits and Systems (ISCAS) Atlanta, GA, 129-132 1996.

W. Athas, N. Tzartzanis, W. Mao, L. Peterson, R. Lal, K. Chong, J-S. Moon, L. Svensson
and M. Bolotski. The design and implementation of a low-power clock-powered
microprocessor. IEEE Journal of Solid-State Circuits, 35 (2000), 1561-1570.

Atmospheric Science Data Center. NASA Surface Meteorology and Solar
Energy Calculator. Available from: http://eosweb.larc.nasa.gov/cgi-bin/sse/grid.cgi?
uid = 3030.

D. Attwell and S. B. Laughlin. An energy budget for signaling in the grey matter of the
brain. Journal of Cerebral Blood Flow and Metabolism, 21 (2001), 1133-1145.

A.T. Avestruz, W. Santa, D. Carlson, R. Jensen, S. Stanslaski, A. Helfenstine and
T. Denison. A 5 uW/channel Spectral Analysis IC for Chronic Bidirectional
Brain-Machine Interfaces. IEEE Journal of Solid-State Circuits, 43 (2008),

3006-3024.

D. Baker, G. Church, J. Collins, D. Endy, J. Jacobson, J. Keasling, P. Modrich, C. Smolke
and R. Weiss. Engineering life: building a fab for biology. Scientific American, 294 (2006),
44-51.

M. W. Baker and R. Sarpeshkar. A low-power high-PSRR current-mode microphone
preamplifier. IEEE Journal of Solid-State Circuits, 38 (2003), 1671-1678.

M. W. Baker and R. Sarpeshkar. Low-Power Single-Loop and Dual-Loop AGCs for
Bionic Ears. IEEE Journal of Solid-State Circuits, 41 (2006), 1983-1996.

M. W. Baker and R. Sarpeshkar. Feedback analysis and design of RF power links for
low-power bionic systems. IEEE Transactions on Biomedical Circuits and Systems,

1 (2007), 28-38.

Constantine A. Balanis. Antenna Theory: Analysis and Design. 3rd ed. (Hoboken, NJ:
John Wiley & Sons, Inc., 2005).

Allen J. Bard and Larry R. Faulkner. Electrochemical Methods: Fundamentals and
Applications. 2nd ed. (New York: Wiley, 2001).

R. Bashir. BioMEMS: State-of-the-art in detection, opportunities and prospects.
Advanced Drug Delivery Reviews, 56 (2004), 1565-1586.

D.J. Beebe, G. A. Mensing and G. M. Walker. Physics and applications of microfluidics
in biology. Annual Review of Biomedical Engineering, 4 (2002), 261-286.

R. Bellman. Dynamic programming. Science, 153 (1966), 34-37.

C. H. Bennett and R. Landauer. The fundamental physical limits of computation.
Scientific American, 253 (1985), 48—56.

Y. Berg, R. L. Sigvartsen, T.S. Lande and A. Abusland. An analog feed-forward neural
network with on-chip learning. Analog Integrated Circuits and Signal Processing,

9 (1996), 65-75.

S.N. Bhatia and C. S. Chen. Tissue engineering at the micro-scale. Biomedical Microdevices,
2 (1999), 131-144.

A. Bhattacharya and F. G. Zeng. Companding to improve cochlear-implant speech
recognition in speech-shaped noise. The Journal of the Acoustical Society of America,
122 (2007), 1079.

Harold S. Black, inventor. Wave Translation System, US Patent Number 2,102,671.

R. B. Blackman. Effect of feedback on impedance. Bell Systems Technical Journal,

22 (1943).



Bibliography 861

K. A. Boahen. Point-to-point connectivity between neuromorphic chips using address
events. IEEE Transactions on Circuits and Systems 11: Analog and Digital Signal Processing,
47 (2000), 416-434.

K. A. Boahen and A.G. Andreou. A contrast sensitive silicon retina with reciprocal
synapses. Proceedings of the IEEE Neural Information Processing Systems (NIPS),
Denver, Colorado, 764-772, 1992.

Hendrik W. Bode. Network Analysis and Feedback Amplifier Design (New York, NY:

Van Nostrand, 1945).

J. Bohorquez, W. Sanchez, L. Turicchia and R. Sarpeshkar. An integrated-circuit
switched-capacitor model and implementation of the heart. Proceedings of the First
International Symposium on Applied Sciences on Biomedical and Communication
Technologies (ISABEL), Aalborg, Denmark, 1-5, 2008.

P. D. Bradley, An ultra low power, high performance medical implant communication
system (MICS) transceiver for implantable devices. IEEE Biomedical Circuits and Systems
Conference (BioCAS), London, UK, 158-161, 2006.

J. C. Bramwell and A. V. Hill. The velocity of the pulse wave in man. Proceedings of the
Royal Society of London. Series B, Containing Papers of a Biological Character, 93 (1922),
298-306.

C. Bright. Energy Coupling and Efficiency. Sensors, 18 (2001), in special section on
Motion Control.

T. Buchegger, G. OBberger, A. Reisenzahn, E. Hochmair, A. Stelzer and A. Springer.
Ultra-wideband transceivers for cochlear implants. EURASIP Journal on Applied Signal
Processing, 2005 (2005), 3069-3075.

K. Bult. Analog design in deep sub-micron CMOS. Proceedings of the 26th European
Solid-State Circuits Conference (ESSCIRC), Stockholm, Sweden, 126-132, 2000.

T.P. Burg, M. Godin, S. M. Knudsen, W. Shen, G. Carlson, J.S. Foster, K. Babcock and
S.R. Manalis. Weighing of biomolecules, single cells and single nanoparticles in fluid.
Nature, 446 (2007), 1066—1069.

M. A. Burns, B. N. Johnson, S. N. Brahmasandra, K. Handique, J. R. Webster,

M. Krishnan, T.S. Sammarco, P. M. Man, D. Jones and D. Heldsinger. An integrated
nanoliter DNA analysis device. Science, 282 (1998), 484.

J. Burr and A. M. Peterson. Ultra low power CMOS technology. Proceedings of the
3rd NASA Symposium on VLSI Design, Moscow, Idaho, 4.2.11-14.12.13, 1991.

H. B. Callen and T. A. Welton. Irreversibility and generalized noise. Physical Review,

83 (1951), 34-40.

Gert Cauwenberghs and Magdy A. Bayoumi. Learning on Silicon: Adaptive VLSI Neural
Systems (Boston: Kluwer Academic, 1999).

A.P. Chandrakasan and R. W. Brodersen. Minimizing power consumption in digital
CMOS circuits. Proceedings of the IEEE, 83 (1995), 498-523.

S. Chatterjee, Y. Tsividis and P. Kinget. 0.5-V analog circuit techniques and their
application in OTA and filter design. IEEE Journal of Solid-State Circuits, 40 (2005),
2373-2387.

C.H. Chen and M. J. Deen. Channel noise modeling of deep submicron MOSFETs.
IEEE Transactions on Electron Devices, 49 (2002), 1484-1487.

M. Chen and G. A. Rincon-Mora. Accurate, Compact, and Power-Efficient Li-Ion Battery
Charger Circuit. IEEE Transactions on Circuits and Systems II: Express Briefs, 53 (2006),
1180-1184.



862

Bibliography

L.J. Chu. Physical limitations of omnidirectional antennas. Technical Report (Research
Laboratory of Electronics, Massachusetts Institute of Technology), 64 (1948).

Leon O. Chua and T. Roska. Cellular Neural Networks and Visual Computing:

Foundation and Applications (Cambridge, UK; New York, NY: Cambridge University
Press, 2002).

S. Das, C. Tokunaga, S. Pant, W. H. Ma, S. Kalaiselvan, K. Lai, D. M. Bull and
D.T. Blaauw. Razorll: In situ error detection and correction for PVT and SER
tolerance. IEEE Journal of Solid-State Circuits, 44 (2009), 32-48.

W. C. Dash and R. Newman. Intrinsic optical absorption in single-crystal germanium and
silicon at 77 K and 300 K. Physical Review, 99 (1955), 1151-1155.

S. Dearborn. Charging Li-ion batteries for maximum run times. Power Electronics
Technology Magazine, (2005), 40—49.

T. Delbruck. Bump circuits for computing similarity and dissimilarity of analog voltages.
Proceedings of the International Joint Conference on Neural Networks, Seattle, WA,
475-479, 1991.

T. Delbruck. Silicon retina with correlation-based, velocity-tuned pixels. IEEE Transactions
on Neural Networks, 4 (1993), 529-541.

T. Delbruck and C. A. Mead. Analog VLSI phototransduction by continuous-time,
adaptive, logarithmic photoreceptor circuits. CalTech CNS Memo, 30 (1994).

T. Delbruck and C. A. Mead. Adaptive photoreceptor with wide dynamic range.
Proceedings of the IEEE International Symposium on Circuits and Systems (ISCAS), London,
UK, 339-342, 1994.

T. Denison, K. Consoer, A. Kelly, A. Hachenburg, W. Santa, M. N. Technol and
C. Heights. A 2.2 pW 94nV/\Hz, Chopper-Stabilized Instrumentation Amplifier for
EEG Detection in Chronic Implants. Digest of Technical Papers of the IEEE International
Solid-State Circuits Conference (ISSCC 2007), San Francisco, CA, 162-594, 2007.

Department for Environment Food and Rural Affairs (DEFRA). Guidelines for Company
Reporting on Greenhouse Gas Emissions, London (2005); available from: http://www.
defra.gov.uk/environment/business/reporting/pdf/envrpgas-annexes.pdf.

M. H. Dickinson, F.O. Lehmann and S. P. Sane. Wing rotation and the aerodynamic basis
of insect flight. Science, 284 (1999), 1954-1960.

C. Diorio, P. Hasler, A. Minch and C. A. Mead. A single-transistor silicon synapse.

IEEE Transactions on Electron Devices, 43 (1996), 1972—1980.

J. C. Dixon. Tires, Suspension and Handling. 2nd ed. (Warrendale, Penn.: Society of
Automotive Engineers, 2004).

I. Doms, P. Merken, R. Mertens and C. Van Hoof. Integrated capacitive
power-management circuit for thermal harvesters with output power 10 to 1000 uW.
Proceedings of the IEEE International Solid-State Circuits Conference (ISSCC),

San Francisco, Calif., 300-301, 301a, 2009.

J.M. Donelan, Q. Li, V. Naing, J. A. Hoffer, D.J. Weber and A. D. Kuo. Biomechanical
energy harvesting: Generating electricity during walking with minimal user effort.
Science, 319 (2008), 807.

T.G. Drummond, M. G. Hill and J. K. Barton. Electrochemical DNA sensors. Nature
Biotechnology, 21 (2003), 1192-1199.

P. Dudek and P.J. Hicks. A CMOS general-purpose sampled-data analogue
microprocessor. Proceedings of the IEEE International Symposium on Circuits and Systems
(ISCAS), Geneva, Switzerland, 2000.



Bibliography 863

P. Dudek and P.J. Hicks. A general-purpose processor-per-pixel analog SIMD vision chip.
IEEE Transactions on Circuits and Systems I: Regular Papers, 52 (2005), 13-20.

V. Ekanayake, C. Kelly IV and R. Manohar. An ultra low-power processor for sensor
networks. Proceedings of the 11th International Conference on Architectural Support for
Programming Languages and Operating Systems (ASPLOS), Boston, Mass., 27-36, 2004.

K. L. Ekinci, X. M. H. Huang and M. L. Roukes. Ultrasensitive nanoelectromechanical
mass detection. Applied Physics Letters, 84 (2004), 4469-4471.

Chris Eliasmith and C. H. Anderson. Neural Engineering: Computation, Representation, and
Dynamics in Neurobiological Systems (Cambridge, Mass.: MIT Press, 2003).

M. B. Elowitz and S. Leibler. A synthetic oscillatory network of transcriptional regulators.
Nature, 403 (2000), 335-338.

Emerging Research Devices Report: International Technology Roadmap for
Semiconductors, 2007.

C.C. Enz and G. C. Temes. Circuit techniques for reducing the effects of op-amp
imperfections: autozeroing, correlated double sampling, and chopper stabilization.
Proceedings of the IEEE, 84 (1996), 1584-1614.

Christian Enz and Eric A. Vittoz. Charge-based MOS Transistor Modeling: The EKV Model
for Low-Power and RF IC Design (Chichester, England; Hoboken, NJ: John Wiley, 2006).

R. G. H. Eschauzier and J. H. Huijsing. Frequency Compensation Techniques for Low-Power
Operational Amplifiers (Dordrecht: Springer, 1995).

Walter R. Evans. Control-System Dynamics (New York, NY: McGraw-Hill, 1954).

R. M. Fano. Theoretical limitations on the broadband matching of arbitrary impedances.
Technical Report (Research Laboratory of Electronics, Massachusetts Institute of
Technology), 41 (1948).

L. Fay, V. Misra and R. Sarpeshkar. A Micropower Electrocardiogram Recording
Amplifier. IEEE Transactions on Biomedical Circuits and Systems, vol. 3, No. 5,
pp- 312-320, October 2009.

R.P. Feynman, M. L. Sands and R. B. Leighton. Lecture 19: The principle of least action.
In The Feynman Lectures on Physics: Commemorative Issue, Vol. 2, ed. (Reading, MA:
Addison Wesley; 1989), pp. 19.11-19.14.

R.P. Feynman. The Pleasure of Finding Things Out: The Best Short Works of Richard
P. Feynman. (Cambridge, Mass.: Perseus Books, 1999).

J. K. Fiorenza, T. Sepke, P. Holloway, C. G. Sodini and L. Hae-Seung. Comparator-Based
Switched-Capacitor Circuits for Scaled CMOS Technologies. IEEE Journal of Solid-State
Circuits, 41 (2006), 2658-2668.

Gene F. Franklin, J. David Powell and Abbas Emami-Naeini. Feedback Control of Dynamic
Systems. 5th ed. (Upper Saddle River, N.J.: Pearson Prentice Hall, 2006).

D. R. Frey. State-space synthesis and analysis of log-domain filters. IEEE Transactions on
Circuits and Systems II: Analog and Digital Signal Processing, 45 (1998), 1205-1211.

L. M. Friesen, R. V. Shannon, D. Baskent and X. Wang. Speech recognition in noise as a
function of the number of spectral channels: comparison of acoustic hearing and cochlear
implants. The Journal of the Acoustical Society of America, 110 (2001), 1150.

J. Fritz, E. B. Cooper, S. Gaudet, P. K. Sorger and S. R. Manalis. Electronic detection of
DNA by its intrinsic molecular charge. Proceedings of the National Academy of Sciences,
99 (2002), 14142-14146.

S. Gabriel, R. W. Lau and C. Gabriel. The dielectric properties of biological tissues: I11.
Parametric models for the dielectric spectrum of tissues. Physics in Medicine and Biology,
41 (1996), 2271-2293.



864

Bibliography

T. Garland. The relation between maximal running speed and body mass in terrestrial
mammals. Journal of Zoology, 199 (1983), 70.

A. Gerosa, A. Maniero and A. Neviani. A fully integrated two-channel A/D interface for
the acquisition of cardiac signals in implantable pacemakers. IEEE Journal of Solid-State
Circuits, 39 (2004), 1083-1093.

E. Ghafar-Zadeh and M. Sawan. A hybrid microfluidic/CMOS capacitive sensor dedicated
to lab-on-chip applications. IEEE Transactions on Biomedical Circuits and Systems,

1 (2007), 270-2717.

M. Ghovanloo and S. Atluri. A Wide-Band Power-Efficient Inductive Wireless Link for
Implantable Microelectronic Devices Using Multiple Carriers. IEEE Transactions on
Circuits and Systems 1: Regular Papers, 54 (2007), 2211-2221.

V. Giannini, P. Nuzzo, V. Chironi, A. Baschirotto, G. Van der Plas and J. Craninckx.
An 820 pW 9b 40MS/s Noise-Tolerant Dynamic-SAR ADC in 90 nm Digital CMOS.
Proceedings of the IEEE International Solid-State Circuits Conference (ISSCC),

San Francisco, CA, 238-239, 2008.

B. Gilbert. Translinear circuits: An historical overview. Analog Integrated Circuits and Signal
Processing, 9 (1996), 95-118.

R.E. Gill, T. L. Tibbitts, D. C. Douglas, C. M. Handel, D. M. Mulcahy, J. C. Gottschalck,
N. Warnock, B.J. McCaffery, P. F. Battley and T. Piersma. Extreme endurance flights by
landbirds crossing the Pacific Ocean: ecological corridor rather than barrier? Proceedings
of the Royal Society, B., 276 (2009), 447.

D.T. Gillespie. A general method for numerically simulating the stochastic time evolution
of coupled chemical reactions. Journal of Computational Physics, 22 (1976), 403—434.

D. Goodstein. Out of Gas: The End of the Age of Oil (New York, NY: W.W. Norton
and Company, 2004).

W. Gosling. Radio Antennas and Propagation (Oxford, UK: Newnes, 2004).

V. Gradinescu, C. Gorgorin, R. Diaconescu, V. Cristea and L. Iftode. Adaptive Traffic
Lights Using Car-to-Car Communication. Proceedings of the Vehicular Technology
Conference, Dublin, Ireland, 21-25, 2007.

P. Gray, P. Hurst, S. Lewis and R. Meyer. Analysis and Design of Analog Integrated Circuits.
4th ed. (New York: Wiley, 2001).

A.C.R. Grayson, R.S. Shawgo, A. M. Johnson, N.T. Flynn, Y. Li, M. J. Cima and
R. Langer. A bioMEMS review: MEMS technology for physiologically integrated
devices. Proceedings of the IEEE, 92 (2004), 6-21.

D. L. Green and Scientific American. Oil and the Future of Energy: Climate Repair,
Hydrogen, Nuclear Fuel, Renewable and Green Sources, Energy Efficiency (Guilford,
Conn.: The Lyons Press, 2007).

M. A. Green. Third Generation Photovoltaics: Advanced Solar Energy Conversion. (Berlin:
Spinger-Verlag, 2004).

P. Grogan. Sam Whittingham tops 80 mph — on a push-bike. The Sunday Times. September
20, 2009.

J. Guinness, B. Raj, B. Schmidt-Nielsen, L. Turicchia and R. Sarpeshkar. A companding
front end for noise-robust automatic speech recognition. Proceedings of the IEEE
International Conference on Acoustics, Speech, and Signal Processing (ICASSP),
Philadelphia, Penn., 2005.

A. Gupta, D. Akin and R. Bashir. Single virus particle mass detection using
microresonators with nanoscale thickness. Applied Physics Letters, 84 (2004), 1976-1978.



Bibliography 865

B.B. Haab, M.J. Dunham and P. O. Brown. Protein microarrays for highly parallel
detection and quantitation of specific proteins and antibodies in complex solutions.
Genome Biology, 2 (2001), 1-13.

R.H.R. Hahnloser, R. Sarpeshkar, M. A. Mahowald, R.J. Douglas and H. S. Seung.
Digital selection and analogue amplification coexist in a cortex-inspired silicon circuit.
Nature, 405 (2000), 947-951.

H. Hamanaka, H. Torikai and T. Saito. Spike position map with quantized state and its
application to algorithmic A/D converter. Proceedings of the International Symposium on
Circuits and Systems (ISCAS), Vancouver, BC, 673-676, 2004.

T.J. Hamilton, C. Jin, A. van Schaik and J. Tapson. A 2-D silicon cochlea with an
improved automatic quality factor control-loop. Proceedings of the IEEE International
Symposium on Circuits and Systems (ISCAS), Seattle, Wash., 1772-1775, 2008.

T. Handa, S. Shoji, S. Ike, S. Takeda and T. Sekiguchi. A very low-power consumption
wireless ECG monitoring system using body as a signal transmission medium.
Proceedings of the International Conference Solid-State Sensors and Actuators, Chicago, IL,
1003-1007, 1997.

R.R. Harrison and C. Charles. A low-power low-noise CMOS amplifier for neural
recording applications. IEEE Journal of Solid-State Circuits, 38 (2003), 958-965.

R.R. Harrison and C. Koch. A silicon implementation of the fly’s optomotor control
system. Neural Computation, 12 (2000), 2291-2304.

R.R. Harrison, P. T. Watkins, R.J. Kier, R. O. Lovejoy, D.J. Black, B. Greger and
F. Solzbacher. A low-power integrated circuit for a wireless 100-electrode neural
recording system. IEEE Journal of Solid-State Circuits, 42 (2007), 123-133.

B. Hassenstein and W. Reichardt. Systemtheoretische analyse der zeit-, reihenfolgen-und
vorzeichenauswertung bei der bewegungsperzeption des riisselkdfers chlorophanus.
Zeitschrift fur Naturforschung, 11 (1956), 513-524.

P. Heinzelman, C. D. Snow, I. Wu, C. Nguyen, A. Villalobos, S. Govindarajan,

J. Minshull and F. H. Arnold. A family of thermostable fungal cellulases created by
structure-guided recombination. Proceedings of the National Academy of Sciences,
106 (2009), 5610.

J. Herz, A. Krogh and R. G. Palmer. Introduction to the Theory of Neural Computation
(Reading, Mass.: Addison Wesley, 1991).

M. Hildebrand. Motions of the running cheetah and horse. Journal of Mammalogy,

40 (1959), 481-495.

R. Hintsche, C. Kruse, A. Uhlig, M. Paeschke, T. Lisec, U. Schnakenberg and B. Wagner.
Chemical microsensor systems for medical applications in catheters. Sensors & Actuators
B.: Chemical, 27 (1995), 471-473.

M. Ho, P. Georgiou, S. Singhal, N. Oliver and C. Toumazou, A bio-inspired closed-loop
insulin delivery based on the silicon pancreatic beta-cell. Proceedings of the IEEE
International Symposium on Circuits and Systems (ISCAS), Seattle, Wash., 1052-1055, 2008.

L.R. Hochberg, M. D. Serruya, G. M. Friehs, J. A. Mukand, M. Saleh, A. H. Caplan,

A. Branner, D. Chen, R. D. Penn and J. P. Donoghue. Neuronal ensemble control of
prosthetic devices by a human with tetraplegia. Nature, 442 (2006), 164—171.

F.N. Hooge. 1/f noise. Physica, 83 (1976), 14-23.

J.J. Hopfield. Kinetic proofreading: a new mechanism for reducing errors in biosynthetic
processes requiring high specificity. Proceedings of the National Academy of Sciences,

71 (1974), 4135-4139.



866

Bibliography

T. K. Horiuchi. “Seeing” in the dark: Neuromorphic VLSI modeling of bat echolocation.
IEEE Signal Processing Magazine, 22 (2005), 134—-139.

G. W. Huber and G. Dale. Grassoline at the Pump. Scientific American, 301 (2009), 52-59.

G. Indiveri. Neuromorphic analog VLSI sensor for visual tracking: circuits and application
examples. IEEE Transactions on Circuits and Systems Il: Analog and Digital Signal
Processing, 46 (1999), 1337-1347.

Inductance Calculator. Available from: http://www.technick.net/public/code/cp_dpage.
php?aiocp_dp = util_inductance_calculator.

International Technology Roadmap for Semiconductors. Available from: http://public.itrs.net/.

T. Ishikawa, T.S. Aytur and B. E. Boser. A wireless integrated immunosensor. Complex
Medical Engineering, (2007), 555.

Italian National Research Council and Institute for Applied Physics. Available from:
http://niremf.ifac.cnr.it/tissprop/.

E. M. Izhikevich. Which model to use for cortical spiking neurons? IEEE Transactions on
Neural Networks, 15 (2004), 1063—1070.

K. A. Janes, J. G. Albeck, S. Gaudet, P. K. Sorger, D. A. Lauffenburger and M. B. Yaffe.
A systems model of signaling identifies a molecular basis set for cytokine-induced
apoptosis. Science, 310 (2005), 1646-1653.

A. Javey, R. Tu, D. B. Farmer, J. Guo, R. G. Gordon and H. Dai. High Performance
n-Type Carbon Nanotube Field-Effect Transistors with Chemically Doped Contacts.
Nano Letters, 5 (2005), 345-348.

K. Jensen, K. Kim and A. Zettl. An atomic-resolution nanomechanical mass sensor. Nature
Nanotechnology, 3 (2008), 533-537.

F.S. Johnson. The solar constant. Journal of the Atmospheric Sciences, 11 (1954), 431-439.

B. M. Johnstone. Genesis of the cochlear endolymphatic potential. Current Topics in
Bioenergetics, 2 (1967), 335-352.

Eric R. Kandel, James H. Schwartz and Thomas M. Jessell. Principles of Neural Science.
3rd ed. (Norwalk, Conn.: Appleton & Lange, 1991).

R. Karakiewicz, R. Genov and G. Cauwenberghs. 1.1 TMACS/mW Load-Balanced
Resonant Charge-Recycling Array Processor. Proceedings of the IEEE Custom Integrated
Circuits Conference (CICC), San Jose, California, 603—606, 2007.

T.R. Karl and K. E. Trenberth. Modern global climate change. Science, 302 (2003),
1719-1723.

S. K. Kelly and J. Wyatt. A power-efficient voltage-based neural tissue stimulator with
energy recovery. Proceedings of the IEEE International Solid-State Circuits Conference
(ISSCC), San Francisco, CA, 228-524, 2004.

C.H. Kim and K. Roy. Dynamic V,;, scaling scheme for active leakage power reduction.
Proceedings of the Design, Automation and Test in Europe Conference and Exhibition, Paris,
163-167, 2002.

H.H. Kim, N. Mano, Y. Zhang and A. Heller. A miniature membrane-less biofuel cell
operating under physiological conditions at 0.5 V. Journal of The Electrochemical Society,
150 (2003), A209.

R. Kline. Harold Black and the negative-feedback amplifier. IEEE Control Systems
Magazine, 13 (1993), 82-85.

E. A. M. Klumperink, S.L.J. Gierkink, A.P. Van der Wel and B. Nauta. Reducing
MOSFET 1/f noise and power consumption by switched biasing. IEEE Journal of
Solid-State Circuits, 35 (2000), 994-1001.



Bibliography 867

P. K. Ko. Approaches to Scaling. In Advanced MOS Device Physics, ed. N. G. Einspruch,
and G. S. Gildenblat (San Diego: Academic Press; 1989), pp. 1-37.

Christof Koch. Biophysics of Computation: Information Processing in Single Neurons
(New York: Oxford University Press, 1999).

K. Koch, J. McLean, M. Berry, P. Sterling, V. Balasubramanian and M. A. Freed.
Efficiency of information transmission by retinal ganglion cells. Current Biology,

14 (2004), 1523-1530.

R. Kolarova, T. Skotnicki and J. A. Chroboczek. Low frequency noise in thin gate oxide
MOSFETs. Microelectronics Reliability, 41 (2001), 579-585.

P. Korkmaz, B. E.S. Akgul and K. V. Palem. Energy, performance, and probability
tradeoffs for energy-efficient probabilistic CMOS circuits. IEEE Transactions on Circuits
and Systems I: Regular Papers, 55 (2008), 2249-2262.

J.D. Kraus and R.J. Marhefka. Antennas for All Applications (New York: McGraw-Hill,
2002).

M. L. Kringelbach, N. Jenkinson, S. L. F. Owen and T. Z. Aziz. Translational principles of
deep brain stimulation. Nature Reviews Neuroscience, 8 (2007), 623-635.

G. Kron. Equivalent circuit of the field equations of Maxwell-1. Proceedings of the IRE,
32 (1944), 289-299.

J. Kwong, Y. K. Ramadass, N. Verma and A.P. Chandrakasan. A 65 nm Sub-V,,
microcontroller with integrated SRAM and switched capacitor DC-DC converter.
IEEE Journal of Solid-State Circuits, 44 (2009), 115-126.

M. F. Land. Movements of the retinae of jumping spiders (Salticidae: Dendryphantinae) in
response to visual stimuli. Journal of Experimental Biology, 51 (1969), 471-493.

R. Landauer. Information is physical. Workshop on Physics and Computation (PhysComp),
Dallas, Tex., 1-4, 1992.

J. Lazzaro, S. Ryckebusch, M. A. Mahowald and C. A. Mead. Winner-take-all networks of
O (n) complexity. Advances in Neural Information Processing Systems, 1 (1989), 703—711.

S. Lee and T. Sakurai. Run-time voltage hopping for low-power real-time systems.
Proceedings of the 37th Annual IEEE ACM Design Automation Conference, Los Angeles,
CA, 806809, 2000.

Thomas H. Lee. The Design of CMOS Radio-Frequency Integrated Circuits. 2nd ed.
(Cambridge, UK; New York: Cambridge University Press, 2004).

M. Lehmann, W. Baumann, M. Brischwein, H. J. Gahle, I. Freund, R. Ehret, S. Drechsler,
H. Palzer, M. Kleintges and U. Sieben. Simultaneous measurement of cellular respiration
and acidification with a single CMOS ISFET. Biosensors and Bioelectronics, 16 (2001),
195-203.

V. Leonov, T. Torfs, P. Fiorini, C. Van Hoof and L. Imec. Thermoelectric converters of
human warmth for self-powered wireless sensor nodes. IEEE Sensors Journal, 7 (2007),
650-657.

M. A. Lewis, R. Etienne-Cummings, A. H. Cohen and M. Hartmann. Toward biomorphic
control using custom aVLSI CPG chips. Proceedings of the International Conference on
Robotics and Automation (ICRA), 494-500, 2000.

N.S. Lewis. Toward cost-effective solar energy use. Science, 315 (2007), 798-801.

K. K. Likharev. Single-electron devices and their applications. Proceedings of the IEEE,

87 (1999), 606-632.

David Linden and Thomas B. Reddy. Handbook of Batteries. 3rd ed. (New York:

McGraw-Hill, 2002).



868

Bibliography

S-C. Liu, J. E. Kramer, G. Indiveri, T. Delbruck, T. Burg and R. Douglas. Orientation-
selective aVLSI spiking neurons. Neural Networks, 14 (2001), 629-643.

W. Liu, A. G. Andreou and M. H. Goldstein. Voiced-speech representation by an analog
silicon model of theauditory periphery. IEEE Transactions on Neural Networks, 3 (1992),
477-487.

Harvey F. Lodish. Molecular Cell Biology. 6th ed. (New York: W.H. Freeman, 2008).

P. C. Loizou. Mimicking the human ear. IEEE Signal Processing Magazine, 15 (1998),
101-130.

T.K. Lu and J.J. Collins. Engineered bacteriophage targeting gene networks as
adjuvants for antibiotic therapy. Proceedings of the National Academy of Sciences, 106
(2009), 4629.

T.K. Lu, S. Zhak, P. Dallos and R. Sarpeshkar. Fast cochlear amplification with slow
outer hair cells. Hearing Research, 214 (2006), 45-67.

M. Lundstrom. Elementary scattering theory of the Si MOSFET. IEEE Electron Device
Letters, 18 (1997), 361-363.

Mark Lundstrom and Jing Guo. Nanoscale Transistors: Device Physics, Modeling and
Simulation (New York: Springer, 2006).

R.F. Lyon and C. A. Mead. An analog electronic cochlea. IEEE Transactions on Acoustics,
Speech and Signal Processing, 36 (1988), 1119—-1134.

D.J.C. MacKay. Sustainable Energy: Without the Hot Air (Cambridge, UK: UIT Cambridge
Ltd., 2009).

P. F. MacNeilage, L.J. Rogers and G. Vallortigara. Origins of the left & right brain.
Scientific American, 301 (2009), 60—67.

M. A. Maher and C. A. Mead. A physical charge-controlled model for the MOS transistor.
Proceedings of the Advanced Research in VLSI Conference, Stanford, CA, 1987.

M. A. Maher and C. A. Mead. Fine Points of Transistor Physics. In Analog VLSI and Neural
Systems, ed. C Mead (Reading, MA: Addison-Wesley; 1989), pp. 319-338.

M. A. Mahowald and C. A. Mead. Silicon Retina. In Addison-Wesley VLSI Systems Series,
ed. CA Mead (Reading, Mass.: Addison-Wesley; 1989), pp. 257-278.

S. Mandal and R. Sarpeshkar. Low-power CMOS rectifier design for RFID applications.
IEEE Transactions on Circuits and Systems 1: Regular Papers, 54 (2007), 1177-1188.

S. Mandal and R. Sarpeshkar. Power-Efficient Impedance-Modulation Wireless Data
Links for Biomedical Implants. IEEE Transactions on Biomedical Circuits and Systems,

2 (2008), 301-315.

S. Mandal and R. Sarpeshkar. Circuit models of stochastic genetic networks. Proceedings of
the IEEE Biological Circuits and Systems Conference, Beijing, China, 2009.

S. Mandal and R. Sarpeshkar. Log-domain Circuit Models of Chemical Reactions.
Proceedings of the IEEE Symposium on Circuits and Systems (ISCAS), Taipei, Taiwan, 2009.

S. Mandal, S. K. Arfin and R. Sarpeshkar. Sub-uHz MOSFET 1/f noise measurements.
Electronics Letters, 45 (2009).

S. Mandal, L. Turicchia and R. Sarpeshkar. A Low-Power Battery-Free Tag for Body
Sensor Networks. IEEE Pervasive Computing, in press (2009).

S. Mandal, S. Zhak and R. Sarpeshkar, inventors. Architectures for Universal or Software
Radio. U.S. Provisional Patent 60/870,719, filed December 19, 2006; Utility Patent
11/958,990, filed December 18, 2007.

S. Mandal, S. M. Zhak and R. Sarpeshkar. A bio-inspired active radio-frequency silicon
cochlea. IEEE Journal of Solid-State Circuits, 44 (2009), 1814—1828.



Bibliography 869

L. L. Marker and A.J. Dickman. Morphology, physical condition, and growth of the
cheetah (Acinonyx jubatus jubatus). Journal of Mammalogy, 84 (2003), 840-850.

A.L. McWorther. 1/f noise and germanium surface properties. In Semiconductor Surface
Physics, ed. R. H. Kingston (Philadelphia, Penn.: University of Pennsylvania Press;
1957), pp. xvi, 413 p.

C. A. Mead. Neuromorphic electronic systems. Proceedings of the IEEE, 78 (1990),
1629-1636.

C. A. Mead. Scaling of MOS technology to submicrometer feature sizes. The Journal of VLSI
Signal Processing, 8 (1994), 9-25.

Carver Mead. Analog VLSI and Neural Systems (Reading, Mass.: Addison-Wesley, 1989).

Carver Mead. Collective Electrodynamics: Quantum Foundations of Electromagnetism
(Cambridge, MA: MIT Press, 2000).

J. T. Mettetal, D. Muzzey, C. Gomez-Uribe and A. van Oudenaarden. The frequency
dependence of osmo-adaptation in Saccharomyces cerevisiae. Science, 319 (2008), 482.

R. A.C. Metting van Rijn, A. Peper and C. A. Grimbergen. High-quality recording of
bioelectric events. Medical and Biological Engineering and Computing, 28 (1990),
389-397.

A.C.H. MeVay and R. Sarpeshkar. Predictive comparators with adaptive control.
IEEE Transactions on Circuits and Systems II: Analog and Digital Signal Processing,

50 (2003), 579-588.

R.D. Middlebrook. Null double injection and the extra element theorem. IEEE
Transactions on Education, 32 (1989), 167-180.

D. Miklavcic, N. Pavselj and F. X. Hart. Electric properties of tissues. In Wiley
Encyclopedia of Biomedical Engineering, ed. M. Akay (New York: John Wiley & Sons;
2006).

J.R. Miller and P. Simon. Electrochemical Capacitors for Energy Management. Science,
321 (2008), 651.

B. A. Minch, Synthesis of multiple-input translinear element log-domain filters.
Proceedings of the IEEE International Symposium on Circuits and Systems (ISCAS),
Orlando, FL, 697-700, 1999.

P.D. Mitcheson, E. M. Yeatman, G.K. Rao, A.S. Holmes and T. C. Green. Energy
harvesting from human and machine motion for wireless electronic devices. Proceedings
of the IEEE, 96 (2008), 1457-1486.

J. Mitola IIT and G. Q. Maguire Jr. Cognitive radio: making software radios more personal.
IEEE Personal Communications, 6 (1999), 13-18.

J.L. Montieth and Lawrence Mount, editors. Heat Loss from Animals and Man (London:
Butterworth & Co. Publishers Ltd.; 1974).

G. E. Moore. Cramming more components onto integrated circuits. Electronics, 38 (1965),
114-117.

D.J. Morton and D. D. Fuller. Human Locomotion and Body Form (New York, NY:
Waverly Press, Inc., 1952).

Kary B. Mullis, Frangois Ferré and Richard Gibbs. The Polymerase Chain Reaction
(Boston: Birkhduser, 1994).

B. Murmann and B. E. Boser. A 12-bit 75-MS/s pipelined ADC using open-loop residue
amplification. IEEE Journal of Solid-State Circuits, 38 (2003), 2040-2050.

R.N. Mutagi. Pseudo noise sequences for engineers. Electronics and Communication
Engineering Journal, 8 (1996), 79-87.



870

Bibliography

K. Natori. Ballistic metal-oxide-semiconductor field effect transistor. Journal of Applied
Physics, 76 (1994), 4879—4890.

K. Natori. Scaling Limit of the MOS Transistor—A Ballistic MOSFET. IEICE Transactions
on Electronics, E84-C (2001), 1029-1036.

Nam Trung Nguyen and Steven T. Wereley. Fundamentals and Applications of Microfluidics
(Boston, MA: Artech House, 2002).

H. Nyquist. Thermal agitation of electric charge in conductors. Physical Review, 32 (1928),
110-113.

H. Nyquist. Regeneration theory. Bell Systems Technical Journal, 11 (1932), 126-147.

S. O’Driscoll, A. Poon and T. H. Meng. A mm-sized implantable power receiver with
adaptive link compensation. Digest of Technical Papers of the IEEE International Solid-
State Circuits Conference (ISSCC), San Francisco, California, 294-295, 295a, 2009.

M. O’Halloran and R. Sarpeshkar. A 10-nW 12-bit accurate analog storage cell with 10-aA
leakage. IEEE Journal of Solid-State Circuits, 39 (2004), 1985-1996.

M. O’Halloran and R. Sarpeshkar, An analog storage cell with 5 electron/sec leakage.
Proceedings of the IEEE International Symposium on Circuits and Systems (ISCAS), Kos,
Greece, 557-560, 2006.

H. Okawa, A.P. Sampath, S. B. Laughlin and G. L. Fain. ATP consumption by
mammalian rod photoreceptors in darkness and in light. Current Biology, 18 (2008),
1917-1921.

S.J. Osterfeld, H. Yu, R. S. Gaster, S. Caramuta, L. Xu, S.J. Han, D. A. Hall, R.J. Wilson,
S. Sun and R. L. White. Multiplex protein assays based on real-time magnetic nanotag
sensing. Proceedings of the National Academy of Sciences, 105 (2008), 20637.

A.J. Oxenham, A. M. Simonson, L. Turicchia and R. Sarpeshkar. Evaluation of
companding-based spectral enhancement using simulated cochlear-implant processing.
The Journal of the Acoustical Society of America, 121 (2007), 1709-1716.

E. M. Ozbudak, M. Thattai, I. Kurtser, A.D. Grossman and A. van Oudenaarden.
Regulation of noise in the expression of a single gene. Nature Genetics, 31 (2002), 69—73.

Bernhard Palsson. Systems Biology: Properties of Reconstructed Networks (New Y ork:
Cambridge University Press, 2006).

J. A. Paradiso and T. Starner. Energy scavenging for mobile and wireless electronics.
IEEE Pervasive Computing, 4 (2005), 18-27.

S.J. Park, T. A. Taton and C. A. Mirkin. Array-based electrical detection of DNA with
nanoparticle probes. Science, 295 (2002), 1503-1506.

S. Pavan, N. Krishnapura, R. Pandarinathan and P. Sankar. A Power-Optimized
Continuous-Time Delta Sigma ADC for Audio Applications. IEEE Journal of Solid-State
Circuits, 43 (2008), 351-360.

G. L. Pearson. Shot Effect and Thermal Agitation in an Electron Current Limited by Space
Charge. Physics, 6 (1935).

J.S. Pezaris and R. C. Reid. Demonstration of artificial visual percepts generated through
thalamic microstimulation. Proceedings of the National Academy of Sciences, 104 (2007),
7670-7675.

James O. Pickles. An Introduction to the Physiology of Hearing. 2nd ed. (London; New York:
Academic Press, 1988).

M. Pidwirny and D. Budikova. Earth’s energy balance. In Encyclopedia of Earth,
ed. C.J. Cleveland. (2008), Available from http://www.eoearth.org/article/
Earth’s_energy_balance.



Bibliography 871

Christian Piguet. Low-power Electronics Design (Boca Raton: CRC Press, 2005).

A.S. Porret, J. M. Sallese and C.C. Enz. A compact non-quasi-static extension
of a charge-based MOS model. IEEE Transactions on Electron Devices, 48 (2001),
1647-1654.

PowerStream Technology, Lund Instrument Engineering, Inc. Available from: www.
powerstream.com.

M. Ptashne and A. Gann. Genes and Signals (Cold Spring Harbour, New York: CSHL
Press, 2002).

Y. Pu, J.P. de Gyvez, H. Corporaal and Y. Ha. An ultra-low-energy/frame
multi-standard JPEG co-processor in 65nm CMOS with sub/near-threshold power
supply. Proceedings of the IEEE Solid-State Circuits Conference (ISSCC), San Francisco,
146-147,147a, 2009.

M. Puurtinen, J. Hyttinen and J. Malmivuo. Optimizing bipolar electrode location for
wireless ECG measurement—analysis of ECG signal strength and deviation between
individuals. International Journal of Bioelectromagnetism, 7 (2005), 236-239.

F. Raab. Idealized operation of the class E tuned power amplifier. IEEE Transactions on
Circuits and Systems, 24 (1977), 725-735.

D. V. Ragone. Review of Battery Systems for Electrically Powered Vehicles. Mid-Year
Meeting of the Society of Automotive Engineers, Detroit, Michigan, 1968.

B. Raj, L. Turicchia, B. Schmidt-Nielsen and R. Sarpeshkar. An FFT-based companding
front end for noise-robust automatic speech recognition. EURASIP Journal on Audio,
Speech, and Music Processing, Article ID 65420 (2007), 13.

B. 1. Rapoport, W. Wattanapanitch, J. L. Penagos, S. Musallam, R. Andersen and
R. Sarpeshkar. A biomimetic adaptive algorithm and low-power architecture for
implantable neural decoders. Proceedings of the 31st Annual International Conference of
the IEEE Engineering in Medicine and Biology Society (EMBC), Minneapolis, MN, 2009.

Behzad Razavi. RF Microelectronics (Upper Saddle River, NJ: Prentice Hall, 1998).

F. Reif. Fundamentals of Statistical and Thermal Physics (New York: McGraw Hill, 1965).

James K. Roberge. Operational Amplifiers: Theory and Practice (New York: Wiley, 1975).

D. A. Robinson, J. L. Gordon and S. E. Gordon. A model of the smooth pursuit eye
movement system. Biological Cybernetics, 55 (1986), 43-57.

M. Roham, J. M. Halpern, H. B. Martin, H. J. Chiel and P. Mohseni. Wireless
amperometric neurochemical monitoring using an integrated telemetry circuit.

IEEE Transactions on Biomedical Engineering, 55 (2008), 2628-2634.

S. Roundy. On the effectiveness of vibration-based energy harvesting. Journal of Intelligent
Material Systems and Structures, 16 (2005), 809.

S. Roundy, P. K. Wright and J. M. Rabaey. Energy Scavaging for Wireless Sensor Networks.
Ist ed. (Boston, Mass.: Kluwer Academic Publishers, 2003).

E. M. Rubin. Genomics of cellulosic biofuels. Nature, 454 (2008), 841-845.

J. M. Sallese, M. Bucher, F. Krummenacher and P. Fazan. Inversion charge linearization in
MOSFET modeling and rigorous derivation of the EKV compact model. Solid State
Electronics, 47 (2003), 677-683.

C.D. Salthouse and R. Sarpeshkar. A practical micropower programmable bandpass filter
for use in bionic ears. IEEE Journal of Solid-State Circuits, 38 (2003), 63-70.

R. Sarpeshkar. Efficient precise computation with noisy components: Extrapolating from an
electronic cochlea to the brain. PhD Thesis, Computation and Neural Systems, California
Institute of Technology (1997).



872

Bibliography

R. Sarpeshkar. Analog versus digital: extrapolating from electronics to neurobiology.
Neural Computation, 10 (1998), 1601-1638.

R. Sarpeshkar. Brain power: Borrowing from biology makes for low power computing.
IEEE Spectrum, 43 (2006), 24-29.

R. Sarpeshkar and M. O’Halloran. Scalable hybrid computation with spikes. Neural
Computation, 14 (2002), 2003-2038.

R. Sarpeshkar and M. Tavakoli, inventors. An Ultra-Low-Power Pulse Oximeter Implemented
with an Energy-Efficient Transimpedance Amplifier, U.S. Provisional Patent 60/847/034,
filed September 25, 2006; Utility Patent 11/903,571, filed September 24, 2007.

R. Sarpeshkar, M. W. Baker, C. D. Salthouse, J.J. Sit, L. Turicchia and S. M. Zhak, An
analog bionic ear processor with zero-crossing detection. Proceedings of the IEEE
International Solid State Circuits Conference (ISSCC), San Francisco, CA, 78-79, 2005.

R. Sarpeshkar, T. Delbruck and C. A. Mead. White noise in MOS transistors and resistors.
IEEE Circuits and Devices Magazine, 9 (1993), 23-29.

R. Sarpeshkar, J. E. Kramer, G. Indiveri and C. Koch. Analog VLSI architectures for
motion processing: From fundamental limits to system applications. Proceedings of the
IEEE, 84 (1996), 969-987.

R. Sarpeshkar, R. F. Lyon and C. A. Mead. A low-power wide-linear-range
transconductance amplifier. Analog Integrated Circuits and Signal Processing, 13 (1997),
123-151.

R. Sarpeshkar, R. F. Lyon and C. A. Mead. A low-power wide-dynamic-range analog VLSI
cochlea. Analog Integrated Circuits and Signal Processing, 16 (1998), 245-274.

R. Sarpeshkar, C. D. Salthouse, J.J. Sit, M. W. Baker, S. M. Zhak, T.K.T. Lu,

L. Turicchia and S. Balster. An ultra-low-power programmable analog bionic ear
processor. IEEE Transactions on Biomedical Engineering, 52 (2005), 711-727.

R. Sarpeshkar, W. Wattanapanitch, S. K. Arfin, B. 1. Rapoport, S. Mandal,

M. W. Baker, M.S. Fee, S. Musallam and R. A. Andersen. Low-Power Circuits for
Brain-Machine Interfaces. IEEE Transactions on Biomedical Circuits and Systems, 2
(2008), 173-183.

R. Sarpeshkar, L. Watts and C. A. Mead. Refractory neuron circuits. Computation and
Neural Systems Memo CNS TR-92-08, (1992).

Leonard I. Schiff. Quantum Mechanics. 3d ed. (New York,: McGraw-Hill, 1968).

E. M. Schmidt, M.J. Bak, F. T. Hambrecht, C. V. Kufta, D. K. O’Rourke and
P. Vallabhanath. Feasibility of a visual prosthesis for the blind based on intracortical
micro stimulation of the visual cortex. Brain, 119 (1996), 507.

M. D. Scott, B.E. Boser and K. S.J. Pister. An ultra-low-energy ADC for smart dust.
IEEE Journal of Solid-State Circuits, 38 (2003), 1123-1129.

Second Sight Completes US Phase I Enrollment and Commences European Clinical Trial
for the Argus II Retinal Implant. [Press Release] Available from: http://www.2-sight.
com/press-release2-15-final.html.

E. Seevinck. Companding current-mode integrator: A new circuit principle for
continuous-time monolithic filters. Electronics Letters, 26 (1990), 2046-2047.

E. Seevinck, E. A. Vittoz, M. du Plessi, T. H. Joubert and W. Beetge. CMOS translinear
circuits for minimum supply voltage. IEEE Transactions on Circuits and Systems II: Analog
and Digital Signal Processing, 47 (2000), 1560—1564.

Self-Resonant Frequency of Single-Layer Solenoid Coils. Available from: http://www.
smeter.net/feeding/transmission-line-choke-coils.php#Circuit.



Bibliography 873

Claude Elwood Shannon and Warren Weaver. The Mathematical Theory of Communication
(Urbana: University of Illinois Press, 1949).

N. C.C. Sharp. Timed running speed of a cheetah (Acinonyx jubatus). Journal of Zoology,
241 (1997), 493-494.

R. K. Shepherd, N. Linahan, J. Xu, G. M. Clark and S. Araki. Chronic electrical
stimulation of the auditory nerve using non-charge-balanced stimuli. Acta
Oto-Laryngologica, 119 (1999), 674-684.

C. A. Shera. Intensity-invariance of fine time structure in basilar-membrane click responses:
Implications for cochlear mechanics. The Journal of the Acoustical Society of America,
110 (2001), 332.

C. A. Shera. Mammalian spontaneous otoacoustic emissions are amplitude-stabilized
cochlear standing waves. The Journal of the Acoustical Society of America, 114 (2003), 244.

W. Shockley and H. J. Queisser. Detailed Balance Limit of Efficiency of p-n Junction Solar
Cells. Journal of Applied Physics, 32 (1961), 510-519.

W. Shyy, M. Berg and D. Ljungqvist. Flapping and flexible wings for biological and micro
air vehicles. Progress in Aerospace Sciences, 35 (1999), 455-505.

William McC Siebert. Circuits, Signals, and Systems (Cambridge, Mass.; New York:

MIT Press; McGraw-Hill, 1986).

J.J. Sit and R. Sarpeshkar. A micropower logarithmic A/D with offset and temperature
compensation. IEEE Journal of Solid-State Circuits, 39 (2004), 308-319.

J.J. Sit and R. Sarpeshkar. A low-power, blocking-capacitor-free, charge-balanced
electrode-stimulator chip with less than 6 nA DC error for 1mA full-scale stimulation.
IEEE Transactions on Biomedical Circuits and Systems, 1 (2007), 172—183.

J.J. Sit and R. Sarpeshkar. A Cochlear-Implant Processor for Encoding Music and
Lowering Stimulation Power. IEEE Pervasive Computing, 1 (2008), 40—48.

J.J. Sit, A. M. Simonson, A.J. Oxenham, M. A. Faltys, R. Sarpeshkar and C. MIT.

A low-power asynchronous interleaved sampling algorithm for cochlear implants that
encodes envelope and phase information. IEEE Transactions on Biomedical Engineering,
54 (2007), 138-149.

N. O. Sokal and A. D. Sokal. Class E — A new class of high-efficiency tuned single-ended
switching power amplifiers. IEEE Journal of Solid-State Circuits, 10 (1975), 168-176.

A. Solga, Z. Cerman, B. F. Striffler, M. Spaeth and W. Barthlott. The dream of staying
clean: Lotus and biomimetic surfaces. Bioinspiration and Biomimetics, 2 (2007), 126.

Y. A. Song, C. Batista, R. Sarpeshkar and J. Han. Rapid fabrication of microfluidic
polymer electrolyte membrane fuel cell in PDMS by surface patterning of perfluorinated
ion-exchange resin. Journal of Power Sources, 183 (2008), 674-677.

S. L. Spencer, S. Gaudet, J. G. Albeck, J. M. Burke and P. K. Sorger. Non-genetic origins of
cell-to-cell variability in TRAIL-induced apoptosis. Nature, 459 (2009), 428-432.

D. Spreemann, Y. Manoli, B. Folkmer and D. Mintenbeck. Non-resonant vibration
conversion. Journal of Micromechanics and Microengineering, 16 (2006), 169.

T. M. Squires and S. R. Quake. Microfluidics: fluid physics at the nanoliter scale. Reviews of
Modern Physics, 77 (2005), 977-1026.

T. M. Squires, R.J. Messinger and S. R. Manalis. Making it stick: convection, reaction and
diffusion in surface-based biosensors. Nature Biotechnology, 26 (2008), 417-426.

C. Stagni, D. Esposti, C. Guiducci, C. Paulus, M. Schienle, M. Augustyniak, G. Zuccheri,
B. Samor, L. Benini and B. Ricco. Fully electronic CMOS DNA detection array based on
capacitance measurement with on-chip analog-to-digital conversion. Proceedings of the



874

Bibliography

IEEE International Solid-State Circuits Conference (ISSCC), San Francisco, CA,
69-78, 2006.

Thad E. Starner and Joseph A. Paradiso. Human generated power for mobile
electronics. In Low Power Electronics Design, ed. C. Piguet (Boca Raton, Flor.:
CRC Press; 2005).

E. Stern, J. F. Klemic, D. A. Routenberg, P. N. Wyrembak, D. B. Turner-Evans,

A.D. Hamilton, D. A. LaVan, T. M. Fahmy and M. A. Reed. Label-free immunodetection
with CMOS-compatible semiconducting nanowires. Nature, 445 (2007), 519-522.

Kenneth N. Stevens. Acoustic Phonetics (Cambridge, MA: MIT Press, 2000).

L. Svensson. Adiabatic and Clock-Powered Circuits. In Low-Power Electronics Design,
ed. C. Piguet. (Boca Raton: CRC Press; 2005), pp. 15.11-15.15.

L. Svensson, W. C. Athas and R.S.C. Wen, A sub-CV? pad driver with 10 ns transition
time. Proceedings of the International Symposium on Low Power Electronics and Design,
Monterey, California, 105-108, 1996.

R. M. Swanson and J. D. Meindl. Ion-implanted complementary MOS transistors in
low-voltage circuits. IEEE Journal of Solid-State Circuits, 7 (1972), 146-153.

T.G. Tang, Q.M. Tieng and M. W. Gunn. Equivalent circuit of a dipole antenna using
frequency-independent lumped elements. IEEE Transactions on Antennas and Propagation,
41 (1993), 100-103.

D. Tank and J. Hopfield. Simple ‘neural’ optimization networks: An A/D converter, signal
decision circuit, and a linear programming circuit. IEEE Transactions on Circuits and
Systems, 33 (1986), 533-541.

D.W. Tank and J.J. Hopfield. Collective computation in neuronlike circuits. Scientific
American, 257 (1987), 104-114.

R. Tashiro, N. Kabei, K. Katayama, E. Tsuboi and K. Tsuchiya. Development of an
electrostatic generator for a cardiac pacemaker that harnesses the ventricular wall
motion. Journal of Artificial Organs, 5 (2002), 239-245.

M. Tavakoli and R. Sarpeshkar. An offset-canceling low-noise lock-in architecture for
capacitive sensing. IEEE Journal of Solid-State Circuits, 38 (2003), 244-253.

M. Tavakoli, L. Turicchia and R. Sarpeshkar. An ultra-low-power pulse oximeter
implemented with an energy efficient transimpedance amplifier. IEEE Transactions on
Biomedical Circuits and Systems, in press (2009).

C.R. Taylor, A. Shkolnik, R. Dmi’el, D. Baharav and A. Borut. Running in cheetahs,
gazelles, and goats: energy cost and limb configuration. American Journal of Physiology,
227 (1974), 848-850.

H. Tennekes. The Simple Science of Flight: From Insects to Jumbo Jets (Cambridge, Mass.:
MIT Press, 1997).

F.E. Terman. Radio Engineers Handbook (New York: McGraw-Hill, 1943).

Tesla Motors. Available from: www.teslamotors.com.

Texas Instruments. TMS320C55x Technical Overview, Literature Number SPRU393.
Technical Report: Texas Instruments Incorporated, February 2000.

Texas Instruments BGA Mechanical Data, Document MPBGO021C. Technical Report:
Texas Instruments Incorporated, May 2002.

Texas Instruments. TMS320VC5510 Power Consumption Summary, Literature Number
SPRA972. Application Report: Texas Instruments Incorporated, November 2003.

L. Theogarajan, J. Wyatt, J. Rizzo, B. Drohan, M. Markova, S. Kelly, G. Swider, M. Raj,
D. Shire and M. Gingerich. Minimally invasive retinal prosthesis. Proceedings of the IEEE
International Solid-State Circuits Conference (ISSCC), San Francisco, CA, 99-108, 2006.



Bibliography 875

B.J. Thompson, D. O. North and W. A. Harris. Fluctuations in space-charge-limited
currents at moderately high frequencies. RCA Review, 4 (1940).

J. Thoné, S. Radiom, D. Turgis, R. Carta, G. Gielen and R. Puers. Design of a 2Mbps FSK
near-field transmitter for wireless capsule endoscopy. Sensors & Actuators: A. Physical
(2008).

C. Toumazou, F.J. Lidgey and D. Haigh. Analogue IC design: The Current-Mode Approach
(Herts, United Kingdom: Institution of Engineering and Technology, 1990).

Yannis Tsividis. Mixed Analog-Digital VLSI Devices and Technology (Singapore: World
Scientific Publishing Company, 2002).

Yannis Tsividis. Operation and Modeling of the MOS Transistor. 3rd ed. (New York: Oxford
University Press, 2008).

Y.P. Tsividis, V. Gopinathan and L. Toth. Companding in signal processing. Electronics
Letters, 26 (1990), 1331-1332.

Y. Tsividis, N. Krishnapura, Y. Palaskas and L. Toth. Internally varying analog circuits
minimize power dissipation. IEEE Circuits and Devices Magazine, 19 (2003), 63-72.

L. Turicchia and R. Sarpeshkar. A bio-inspired companding strategy for spectral
enhancement. IEEE Transactions on Speech and Audio Processing, 13 (2005),

243-253.

L. Turicchia, S. Mandal, M. Tavakoli, L. Fay, V. Misra, J. Bohoruez, W. Sanchez and
R. Sarpeshkar. Ultra-low-power Electronics for Non-invasive Medical Monitoring.
Proceedings of the IEEE Custom Integrated Circuits Conference (CICC), Invited Paper, 6-5,
San Jose, CA, 2009.

L. Turicchia, M. O’Halloran, D.P. Kumar and R. Sarpeshkar. A low-power imager and
compression algorithms for a brain-machine visual prosthesis for the blind. Proceedings
of the SPIE, San Diego, CA, 7035101-7035113, 2008.

Aldert Van der Ziel. Noise: Sources, Characterization, Measurement (Englewood Cliffs,
N.J.: Prentice-Hall, 1970).

M. van Elzakker, E. van Tuijl, P. Geraedts, D. Schinkel, E. Klumperink and B. Nauta.

A 1.9 uW 4.4fJ/Conversion-step 10 b 1MS/s Charge-Redistribution ADC. Digest of
Technical Papers IEEE International Solid-State Circuits Conference (ISSCC), San
Francisco, CA, 244-610, 2008.

M. E. van Valkenburg. Analog Filter Design (New York: Oxford University Press, Inc.,
1982).

E. Vittoz. Weak Inversion for Ultimate Low-Power Logic. In Low-power Electronics Design,
ed. C. Piguet (Boca Raton: CRC Press; 2005), pp. 16-11-16-18.

Vatché Vorpérian. Fast Analytical Techniques for Electrical and Electronic Circuits
(Cambridge; New York: Cambridge University Press, 2002).

G.S. Wagner. Marriott’s Practical Electrocardiography. 10th ed. (Philadelphia: Lippincott,
Williams & Wilkins, 2001).

R. H. Walden. Analog-to-digital converter survey and analysis. IEEE Journal on Selected
Areas in Communications, 17 (1999), 539-550.

H. Wang, Y. Chen, A. Hassibi, A. Scherer and A. Hajimiri. A frequency-shift CMOS
magnetic biosensor array with single-bead sensitivity and no external magnet. Digest of
Technical Papers IEEE International Solid-State Circuits Conference (ISSCC)

San Francisco, CA, 438439, 2009.

L. Wang, M. Kondo and A. Bill. Glucose metabolism in cat outer retina. Effects of light

and hyperoxia. Investigative Ophthalmology & Visual Science, 38 (1997), 48-55.



876

Bibliography

X. Wang, P.J. Hurst and S. H. Lewis. A 12-bit 20-Msample/s pipelined analog-to-digital
converter with nested digital background calibration. IEEE Journal of Solid-State Circuits,
39 (2004), 1799-1808.

W. Wattanapanitch, M. Fee and R. Sarpeshkar. An energy-efficient micropower neural
recording amplifier. I[EEE Transactions on Biomedical Circuits and Systems, 1 (2007), 136—-147.

L. Watts. Cochlear mechanics: Analysis and analog VLSI. Ph.D. Thesis, Electrical
Engineering, California Institute of Technology (1992).

K.H. Wee and R. Sarpeshkar. An electronically tunable linear or nonlinear MOS resistor.
IEEE Transactions on Circuits and Systems 1: Regular Papers, 55 (2008), 2573-2583.

K. H. Wee, L. Turicchia and R. Sarpeshkar. An Analog Integrated-Circuit Vocal Tract.
IEEE Transactions on Biomedical Circuits and Systems, 2 (2008), 316-327.

M. S. Wegmueller, A. Kuhn, J. Froehlich, M. Oberle, N. Felber, N. Kuster and
W. Fichtner. An Attempt to Model the Human Body as a Communication Channel.
IEEE Transactions on Biomedical Engineering, 54 (2007), 1851-1857.

J.D. Weiland and M. S. Humayun. Visual prosthesis. Proceedings of the IEEE, 96 (2008),
1076-1084.

Thomas Fischer Weiss. Cellular Biophysics (Cambridge, Mass.: MIT Press, 1996).

C.J. Wiggers. The heart. Scientific American, 195 (1957).

E. M. Williams. Radio-Frequency Spectrum Analyzers. Proceedings of the IRE, 34 (1946),
18p—22p.

B. B. Winter and J. G. Webster. Reduction of interference due to common mode
voltage in biopotential amplifiers. I[EEE Transactions on Biomedical Engineering,

30 (1983), 58-62.

K. D. Wise. Silicon microsystems for neuroscience and neural prostheses. IEEE Engineering
in Medicine and Biology Magazine, 24 (2005), 22-29.

U. Wismar, D. Wisland and P. Andreani. A 0.2V 0.44/spl mu W 20 kHz Analog to Digital
A Modulator with 57 fJ/conversion FoM. Proceedings of the 32nd European Solid-State
Circuits Conference (ESSCIRC), 187-190, 2006.

L.S.Y. Wong, S. Hossain, A. Ta, J. Edvinsson, D. H. Rivas, H. Naas, C. R. M. Div and
C. A. Sunnyvale. A very low-power CMOS mixed-signal IC for implantable pacemaker
applications. IEEE Journal of Solid-State Circuits, 39 (2004), 2446-2456.

J.Y. Wong. Theory of Ground Vehicles. 4th ed. (Hoboken, New Jersey: John Wiley & Sons,
2008).

J. Wyatt and J. Rizzo. Ocular implants for the blind. IEEE Spectrum, 33 (1996), 47-53.

Y. Xia and G. M. Whitesides. Soft lithography. Annual Review of Materials Science,

28 (1998), 153-184.

T. Yagi, Y. Funahashi and F. Ariki. Dynamic model of dual layer neural network for
vertebrate retina. Proceedings of the International Joint Conference on Neural Networks
(IJCNN), Washington, D.C., 787-789, 1989.

Guang Zong Yang. Body Sensor Networks (London: Springer-Verlag, 2006).

H.Y. Yang. A time-based energy-efficient analog-to-digital converter. Ph.D. Thesis, Electrical
Engineering and Computer Science, Massachusetts Institute of Technology (2006).

H.Y. Yang and R. Sarpeshkar. A time-based energy-efficient analog-to-digital converter.
IEEE Journal of Solid-State Circuits, 40 (2005), 1590-1601.

H.Y. Yang and R. Sarpeshkar. A Bio-Inspired Ultra-Energy-Efficient Analog-to-Digital
Converter for Biomedical Applications. IEEE Transactions on Circuits and Systems I:
Regular Papers, 53 (2006), 2349-2356.



Bibliography 877

R. F. Yazicioglu, P. Merken, R. Puers and C. Van Hoof. A 200 uW Eight-Channel EEG
Acquisition ASIC for Ambulatory EEG Systems. IEEE Journal of Solid-State Circuits,
43 (2008), 3025-3038.

C.J. Yu, Y. Wan, H. Yowanto, J. Li, C. Tao, M. D. James, C.L. Tan, G. F. Blackburn
and T.J. Meade. Electronic detection of single-base mismatches in DNA with
ferrocene-modified probes. Journal of the American Chemical Society, 123 (2001),
11155-11161.

M. R. Yuce, T. Dissanayake and H. C. Keong. Wireless telemetry for electronic pill
technology. Proceedings of the IEEE Conference on Sensors, Christchurch, New Zealand,
2009.

B. Zhai, L. Nazhandali, J. Olson, A. Reeves, M. Minuth, R. Helfand, Pant Sanjay,

D. Blaauw and T. Austin. A 2.60pJ/Inst Subthreshold Sensor Processor for Optimal
Energy Efficiency. Proceedings of the IEEE Symposium on VLSI Circuits, Honolulu,
154-155, 2006.

S.M. Zhak. Modeling and design of an active silicon cochlea. Ph.D. Thesis, Electrical
Engineering, Massachusetts Institute of Technology (2008).

S.M. Zhak, M. W. Baker and R. Sarpeshkar. A low-power wide dynamic range envelope
detector. IEEE Journal of Solid-State Circuits, 38 (2003), 1750-1753.

B. Zhao, J.S. Moore and D.J. Beebe. Surface-directed liquid flow inside microchannels.
Science, 291 (2001), 1023-1026.

V. V. Zhirnov, R. K. Cavin III, J. A. Hutchby and G. 1. Bourianoff. Limits to binary logic
switch scaling—a gedanken model. Proceedings of the IEEE, 91 (2003), 1934-1939.

G. Zweig. Finding the impedance of the organ of Corti. The Journal of the Acoustical Society
of America, 89 (1991), 1229.

G. Zweig, R. Lipes and J. R. Pierce. The cochlear compromise. The Journal of the Acoustical
Society of America, 59 (1976), 975.



Index

above threshold
channel charge distribution, 115
noise in, 168
small-signal transconductance parameter
summary, 112
activation polarization, 800
activator, 767
active grounding, 591
adaptation resistor, 294
adaptive power biasing, 575
adiabatic clocks, 645
adiabatic operation
in ADCs, 412
clock powered circuits, 644
in electrode stimulation, 559
in digital systems, 642
Feynman, 644
in implant power supply, 560
importance in low power, 690
quality-factor equation, 643
resonant switching, 646
amperometric, 275
analog
bionic ear processor, 558
collective analog or hybrid, 674
preprocessing, 13
analogic circuits
for gene induction, transcription, and
translation, 767
for Hill coefficients, 769
analog memory, 563
analog-to-digital converter (ADC), 385
adiabatic charging, 412
algorithmic, 389
biomedical requirements, 387
computational ADC, 408
digital correction, 415
dual-slope, 551
energy efficiency, 386
energy-efficient comparator, 414
ENOB, 385
error cancellation, 399
FOM, 386

high-order sigma delta, 394
logarithmic, 551
neuron-inspired, 395
neuron-inspired algorithm, 396
pipelined, 391
pipelined ADC with comparator, 411
sigma delta, 393
similarity to neurons, 416
successive approximation, 391
temporal noise analysis, 400
time-based sigma delta, 410
topology review, 389

analog versus digital
crossover, 658
feedback importance in crossover, 661
flexibility-efficiency tradeoff, 668
low power table, 669
robustness-efficiency tradeoff, 654
simultaneously both, 383
system partitioning, 11
table, 653
the four domains, 653

Andreou, 354

anions, 791

anode, 790

anode half reaction, 791

antennas, 454
and transmission lines, 466
approximate circuit model, 474
available power, 477
Bugs Bunny, 475
Bugs Bunny circuit model, 476
capture area, 464
capture radius, 464
far field, 460
far-field transfer impedance, 470
Friis equation, 468
gain, 467
impedance matching, 475
near field, 460
near-field coupling, 463
power-up threshold, 486
radiation impedance, 467



rectifier, 479
rectifier tradeoffs, 481
summary, 488
Thevenin equivalents, 459
aortic valve, 583
Armstrong, 489
asynchronous interleaved sampling (AIS), 561
ATP, 831
atrium, 581
attack time constant, 547
auscultation, 579
automatic gain control (AGC), 542
intensity-invariant loop gain, 543
soft knee, 543

back scatter modulation. See impedance
modulation
basis coefficients
in visual prosthesis, 571
batteries
C, 803
capacity equation, 803
capacity loss with cycles, 806
capacity versus current, 805
complete anodic current, 798
complete cathodic current, 798
depth of discharge (DOD), 813
DOD and number of charge-recharge
cycles, 813
fade capacity, 813
large-signal equivalent, 799
mass-transport limitations, 796
maximum ampere-hour capacity, 803
Peukert’s law, 803
reaction kinetics, 793
self-discharge, 806
small-signal circuit, 810
state of charge, 802
tutorial example mechanism, 791
typical V-I curve, 801
battery
lithium-ion car, 844
battery-management circuits, 813
beaches. See root locus, mnemonic
Beer’s law, 597
Bennett, 674
bicuspid valve, 583
bicycles
recumbent, 845
big picture, 3
biofuels, 854
bio-inspired systems
asynchronous interleaved sampling (AIS),
561, 702
audio silicon cochlea, 725
baby not bathwater, 704
bat biosonar, 747

Index

biomorphic, 699
collective analog, 743
computational ADCs, 408, 702
cytomorphic, 699, 754
hybrid state machines, 741
lab table, 747
learning, 573, 747
material formation, 747
neuromorphic, 699
neuron-inspired ADC, 395, 702
noise-robust companding spectral
analysis, 726

potential payoff areas, 700
RF cochlea, 703
robots, 747
silicon retina, 733
speech locked loop (SLL), 729
spike communication, 747
spike-based hybrid computers, 741
visual motion circuit, 739
vocal tract, 731

bio-inspired transport, 845

biological cochlea
admittance function, 711
algorithmic efficiency, 719
basics, 706

engineering feedback circuit model of, 728

specifications, 699
termination impedance, 713
transfer function, 712, 713
transmission-line model, 708
unidirectional transfer function, 717
biological energy efficiency
common themes, 700
ten reasons for, 743
biological power and computation, 747
in the body, 749
in the brain, 697, 748
in the ear, 697, 749
in the eye, 697, 748
biological power consumption, 747
biological specifications
audition table, 699
brain table, 699
vision table, 699
biological tissue
skin depth, 525
bioMEMS, 579, 605
biomolecular sensing, 605
advantages of small structures, 607
amperometric, 609
challenges in, 605
conductometric, 610
label free, 605
potentiometric, 609
steps in, 605
with MEMS cantilevers, 608
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biomorphic, 699
bionic ear. See cochlear implant
bionic ear processor, 537
digital programmability and calibration
in, 554
experimental performance, 556
robust biasing in, 555
bit error rate, 508
determination of, 507
equation, 508
Black, 32
Black’s formula, 32
Blackman’s impedance formula, 256
Bode, 240
Bode-Fano criterion, 472
body area network, 579
body effect, 88
body heat flow, 832
body sensor network, 579
brain implant. See brain-machine interface
brain-machine interface
basics, 15
compression in, 572
for paralysis, 572
for treating blindness, 565
requirements for a visual prosthesis, 567
wireless, 575
braking
regenerative, 837
bump linearization, 308
Butler-Volmer equation, 796

Cajal, 275
capacitive attenuation, 544
carbon emissions, 823
Carnot efficiency, 834, 853
cars
braking, 838
braking force, 837
circuit model, 836, 838
drag force, 836
electric, 841
energy efficiency, 838, 840, 844
lithium-ion battery, 844
power consumption, 840
roll force, 837
Tesla Roadster, 843
versus animals, 844
cascode, 285
cathode, 790
cathode half reaction, 792
cations, 791
cellular neural network (CNN), 736
cellular transmission line, 784
chapter overview, 24
charge pump (CP), 500, 501
charge-transfer coefficient, 796

charge-transfer resistance, 801, 809
cheetahs, 844
chemical reactions
basic log-domain circuit, 762
electronic noise analysis, 758
electronic noise correspondence, 764
mapping to electronics, 762
subthreshold transistor analogy, 755
chopper modulation, 203
chronaxie, 559
Class-E amplifier, 443
clock and data recovery (CDR), 499
closed-loop two-pole Q rule, 228, 291
closed-loop two-pole tau rule, 228, 291
CMOS inverter, 618
delay variation, 622
gain, 621
switching dynamics, 628
switching time, 622
threshold variation, 622
cochlea
multi-junction photovoltaics, 852
cochlear implant, 531
basics, 14
cognitive radio. See RF cochlea
collective analog, 674, 743
digital interactions in, 675
embodiments in nature, 675
engineering example, 677
in cells, 677
in the brain, 676
not multi-valued logic, 676
optimum SNR per channel, 676
companding, 725
benefits, 727
compensation
dominant-pole, 220
lag, 222
lead, 223
minor-loop, 224
reduced gain, 220
compression ratio, 543
concentration polarization, 800
continuous interleaved scanning (CIS), 553
control systems. See feedback systems
coupling factor, 423
coupling factor formula, 424
current controlled oscillator (CCO), 500
current-mode circuits. See also translinear
circuits
Adaptive Class A, 368
biasing, 367
brain circuit, 380
Class A, 367
distributed feedback, 380
peak detector, 547
for modeling chemical reactions, 759



current versus voltage, 355
log-domain vs. G,—C, 372

cytomorphic, 699

cytomorphic electronics, 611
basics, 22

deep brain stimulator, 531
Delbriick., 753
diastole, 581
dielectric constant, 30
diffusion, 81
digital design
importance of algorithms in low-power
systems, 649
order, 649
parallelism, 647
pipelining, 647
symmetry, 649
digital energy per cycle
all regions, 635
all regions with other leakage, 637
frequency constrained, 640
subthreshold, 632
subthreshold optimum value, 633
with fclk, 631
with /1, 631
with velocity saturation, 635
digitization
in biomedical applications, 663
in biomedical systems, 12
in bionic-ear processor, 667
in brain-machine interface for paralysis, 573
in cochlear implants, 535
equations determining optimum, 667
flexibility tradeoffs in, 668
optimum point, 10, 663
radio example, 11, 666
diode-capacitor dynamics, 738-739. See also
cellular transmission line
use in velocity computations, 739
diode-clamp approximation, 84
distributed feedback, 382
downlink, 491
downlink transfer function, 495
Doyle, 579
drift, 81
driving-point impedance, 258
dynamic power, 624
dynamic threshold voltage scaling (DTVS), 641
dynamic voltage scaling (DVS), 641

Eh/N(), 518

ECG. See electrocardiogram
effective ac resistance, 423
Einstein relation, 81

EIT, 579

EKG. See electrocardiogram
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EKYV model
analytic equation, 132
analytical model, 130
in digital design, 635
empirical, 101
electric cars. See cars electric
electrical tissue properties, 604
electrocardiogram, 585
12-lead recording, 589
amplifier, 590
equation, 587
recording types, 589
waveform, 587
electrochemical capacitors, 853
electrode stimulation
blocking-capacitor free, 562
chronaxie, 559
highly miniature, 562
low power, 558
low power algorithm for, 561
precision charge balancing, 562
rheobase, 559
electrodes
bipolar, 812
monopolar, 812
small-signal circuit, 812
electroencephalogram (EEG)
system, 604
electrolyte resistance, 799, 811
electronic FFL circuit, 774
electronic pills, 525
electrostatic actuation, 210
EMG, 579
energy
link between use and generation, 855
energy and entropy, 673
energy and information, 673, 684
energy and power, 855
energy density
of common fuels, 823
of lithium-ion battery, 823
energy density vs. power density, 817
in a fuel cell, 819
primary and secondary batteries, 818
Ragone curve, 817
volume vs. surface area, 817
energy efficiency
man versus nature, 674
of the body, 831
reason for in nature, 675
energy harvesting
benefits, 822
electromagnetic, 827
electrostatic, 827, 831
for biomedical sources, 825
generic system, 825
inertial motion, 827
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energy harvesting (cont.)
of body heat, 831, 833, 834
of body motion, 827, 831
piezoelectric, 829
solar, 848
sources, 824
with antennas, 454
Enz. See EKV model
equipartition theorem, 190
Euclid, 330
Evans, 44
exchange current, 796
extra element theorem, 261

facilitate and sample (FS), 738
fake-label technique, 241
Faradaic current, 795
Faradaic resistance, 801
Faraday, 789
FCC, 523
1/f circuit noise analysis, 320
1/f noise reduction. See lock-in amplication
feedback
in transducers, 828
in transport, 847
feedback circuits
brain-inspired, 382
feedback loop, 32
in a motor, 841
in a piezoelectric, 829
in velocity saturation, 135
feedback systems
advantages of block diagrams, 239
basics, 28
benefits, 36
chemical reactions, 30
closed-loop two-pole tau and Q rules, 228
compensation, 219
conditional stability, 229, 395
connection to circuits, 35
damping, 219
describing functions, 231
disadvantages, 688
disturbance rejection, 37
effect on impedance, 39
electric properties, 451
examples, 29
fake-label technique, 235
in electromagnetism, 31
in science and engineering, 29
in the brain, 29
inverse functions, 42
linearization, 38
low-power advantages, 687
mnemonic, 44
M,, 218
positive feedback, 232

quality factor, 219
root locus, 44
sensitivity, 36
speedup, 42
stabilization, 43
synergy with feedforward, 689
universality of, 29
zeros, 55
feedforward systems, 689
Feynman, 785, 822
glory-of-science quote, 155
filters
topology and power, 331
types, 330
first-order filter
power scaling law, 325
flatband voltage, 69, 73
fluctuation-dissipation theorem, 182
fluorescence, 606
Food and Drug Administration (FDA), 489
fractional bandwidth, 472
Franklin, 617
free space impedance, 459
frequency locked loop (FLL), 499, 503
Frey, 354
fuel cells, 816, 854
fully implanted, 535
future of energy, 8§22

gain margin, 218
galvanic communication, 604
gated clocks, 641
gate degeneration, 306
gene-protein networks, 766
generalized resistive divider, 238
Gibran, 301
Gilbert, 354
glitching power, 625
G,—C filters
alternative second-order, 344
power table, 346
state-space synthesis, 331-332
traditional second-order, 339
Gouy-Chapman capacitance, 808
Grant’s rule. See root locus, mean rule
grassoline, 854
gyrators, 333

half-duplex link, 498
half MOSFET, 79
hand. See low power
H-bridge, 479
heart
artist’s depiction, 581
basic operation and anatomy, 581
dipole vector, 586
dipole vector motion, 588
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integrated-circuit model of, 583
pressure waveforms, 585

heart locked loop (HLL)_, 730

heat dissipation, 490

Helmbholtz, 853

Helmholtz capacitance, 808

Helmbholtz double layer, 807

Hertz, 454

Hill coefficient, 768

Hogge phase detector, 501

hybrid computation. See also collective analog
in the brain, 739

hybrid computers, 741

hybridization, 606

hybrid state machines
advantages of, 681
analog dynamical system (ADS) in, 679
computational ADCs, 742
deeper discussion, 679
generalization of FSMs, 679
HMMs, 742
hybrid cellular automata, 742
implementation challenges, 683
in nature, 683
neuron-inspired, 681, 741
similarity to ADCs, 680

ICG, 579
IEEE convention, 104
immunosensor, 606
impedance modulation, 490
benefits, 511
dynamic eftects, 505
effective modulation depth, 495
energy efficiency plot, 522
experimental energy efficiency, 511
fundamental SNR equation, 515
in coupled resonators, 493
ISI energy efficiency, 521
limits of analysis validity, 517
modulation index, 494
power consumption plot, 522
reflected impedance, 494
RF receiver, 497
similarity to reflection imaging, 491
soft switch turn on, 508
strong coupling, 517
strong coupling energy efficiency, 519
weak coupling, 516
weak coupling energy efficiency, 519
implant
brain. See brain implant
cochlear. See cochlear implant
power link, 421
retinal, 531
RF links, 489, 525
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size, 6
implantable electronics, 531
implant RF links, 489, 525
inducer, 766
inductive link
critical coupling, 429
energy efficiency, 436
energy-efficiency formula, 439
feedback block diagram, 425
maximum energy efficiency, 439
overcoupled, 430
resonance shifts, 433
root-locus analysis, 427
theory, 422
undercoupled, 430
voltage transfer function, 429
inductive power link, 421
information. See also energy and information
encoding, 11
in transport, 846
link to energy, 9
insolation, 848
inter symbol interference (ISI), 518, 519
intuitive MOS model, 63
inverse frequency, 351
ionic current, 791

Kant, 28
kappa approximation, 84, 85 See also
subthreshold, slope coefficient
basic equation, 86
capacitive divider, 85
mobile charge, 91
Keller, 531
kinetic proofreading
biology, 777
circuit analogy, 779
Picasso lover analogy, 778
Kron, 455
Krummenacher, 129. See also EKV model

lab on a chip, 579
Landauer, 674
Laughlin, 748
link spectral efficiency, 518
lithium-ion battery
basic numbers, 812
geometries, 814
ionic current flow, 793
precision charging requirements, 813
rocking-chair chemistry, 814
lock-in amplification, 202
logarithmic transimpedance amplifier, 283
log domain
for modeling chemical reactions, 760
log-domain circuits. See translinear circuits
logic DAC in cells, 771
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loop filter (LF), 500
low power
adaptive biasing, 575
algorithm for electrode-stimulation, 560
analog and mixed-signal design, 651
automatic gain control (AGC), 542
bandpass filter, 544
battery-free medical tag, 601
benefit on size and cost, 820
common analog and digital themes, 669
comprehensive table, 664
computation-communication balance, 686
digital architectural principles for, 647
digital design, 617
EEG amplifier, 604
electrocardiogram amplifier, 590
energy extraction, 545
energy-harvesting antenna, 601
envelope detector, 545
factors affecting, 662
four benefits for battery efficiency
and lifetime, 819
hand, 9, 661
heart-model chip, 581
importance of, 6
importance of feedback in, 660, 687
information reduction, 686
log ADC, 551
microphone preamplifier, 538
neural amplifier, 574
parallel architectures, 685
phonocardiograph, 601
principles, 17
problem definition, 10, 683
pulse oximeter, 595
sensor and actuator design, 692
separation of speed and precision, 690
Shannon limit, 671
ten design principles for, 683
time evolution, 691
transport, 846
verse, 691
wide-dynamic-range imager, 567
low power mnemonic, 691
low-voltage analog design, 326
Lundstrom, 150

magnetic bead labels
for antigen detection, 606
for cancer bio-marker detection, 606
for DNA detection, 606

maximum gain circuit, 543

Maxwell’s equations, 455

Mead, 354, 697, 699, 744

mechanical system modeling, 826
electrical equivalents, 827

medical monitoring, 580

battery-free tag, 602
event-recognition chip, 603
patient localization, 601
with microphones, 603
MEG, 579
MEMS cantilevers, 608
MEMS capacitance sensor, 201
MEMS vibration sensor, 608
Michaelis-Menten kinetics, 756
micro array, 606
microfluidics, 605, 610
microphone front end, 538
Middlebrook, 261
minimum detectable signal, 198
minimum power-supply voltage, 620
minority-carrier diffusion, 282
Minsky, 240
mitral valve, 583
moderate inversion
digital operation, 635
noise in, 179
molecular biology textbook, 767
Moore, 129
morphogen, 785
MOS capacitor, 68
physical intuition, 78
MOS device physics
analogy to bipolars, 64
ballistic transport, 147
bandgap widening, 145
beta, 125
bipolar transistor analogy, 126
bulk charge, 76
capacitance definitions, 113
capacitance equation summary, 117
charge-based current model, 92
deep submicron effects, 129
drain induced barrier lowering (DIBL), 140
elementary scattering theory, 149
energy viewpoint, 65
equation summary table, 101
exact long-channel equation, 82
extrinsic and intrinsic capacitances, 120
forward and reverse currents, 93
fr, 127
gate charge, 76
general treatment, 57
high-frequency and RF models, 146
intuitive model, 63
inversion-charge-based capacitance
relations, 116
mobile charge, 72
MOS capacitor, 68
nanoscale transport, 149
physical insight summary, 82
poly gate depletion, 144
practical treatment, 84
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short-channel effects, 129
small signal operation, 103
strong-inversion current, 95

transconductance parameter definitions, 104

transit time, 123
tunneling, 151
velocity saturation, 133

velocity-saturation equation summary, 138

velocity-saturation feedback loop, 137

vertical mobility field reduction (VMR), 143

weak-inversion current, 93

motors

efficiency, 843

equivalent circuit, 841
reflected conductance, 843
reflected impedance, 842

uTAS, 611
Muir, 184

n approximation, 86, See also kappa
approximation, basic equation
basic equation, 86

Nafion, 817
Natori, 149
NATURE brain circuit, 381

neural amplifiers, 574

neuromorphic, 699

other work, 747

neuron-inspired

distributed-feedback circuit, 382

neurons vs. cells

cell is low-power pioneer, 784
HSMs, 784
similarity table, 783

Newton’s laws, 826
noise in circuits

in general circuits, 200

in hearing, 210

in mechanical circuits, 207

in transconductance amplifiers, 193
kT/C, 185, 189, 190

photoreceptor noise, 187

RC lowpass, 185

noise in devices

1/f noise basics, 170

1/f noise corner, 176

1/f noise notes, 173

1/f voltage-noise formula, 175
Carson-Campbell theorem, 158
correlation calculations, 161
feedback regulation of, 180

in above-threshold transistors, 169
in resistors, 165

in short-channel devices, 176
in subthreshold transistors, 162
induced gate noise, 181
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input-referred, 169
moderate-inversion formula, 179
Nyquist-Johnson formula, 167
relative noise power, 159
shot noise equation, 159
shot-thermal noise unity, 167
ski-slope analogy, 177
noise-resource equation, 655, 657
noninvasive medical electronics, 579
nonreturn to zero (NRZ), 499
Nyquist criterion, 212
Nyquist criterion example, 216

offset compensation
in lockin amplifiers, 205
in log ADC, 552
ohmic polarization, 800
operon, 770
ordinary transconductance amplifier (OTA), 302
oxidizing agents, 790
oxygen saturation. See pulse oximetry

pacemaker
artificial, 586
biological, 585
parallel-to-series, 427
Parkinson’s disease, 531
phase detector (PD), 500
phase locked loop (PLL), 499
loop transmission, 502
phase margin, 218
phase transitions, 30
phonocardiogram (PCG), 601
advantages over ECG, 601
photodiode, 278
photojunctions, 280
photoplethysmogram (PPG), 599
traces, 599
photoreceptor
advanced version, 298
feedback analysis, 286
with feedback zeros, 298
noise analysis, 292
in pulse oximetry, 599
phototransduction, 282
photovoltaics, 848
cost, 853
efficiency, 851, 852
multi-junction, 851
open-circuit voltage, 850
principles of operation, 849
Shockley-Quiesser limit, 850
short-circuit current, 850
solar concentrator, 852
piezoelectric
circuit model, 829
coefficient, 829
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piezoelectric (cont.)
coupling coefficient, 829
energy harvester numbers, 8§30
maximum energy transfer, 830
reflected impedance, 829
shoe, 830
pinchoff voltage, 89
Poincare, 3
point of care (POC), 579
Poisson-Boltzmann equation, 75
Poisson process, 155

polymerase chain reaction (PCR), 606

power consumption
of an antelope, 845
of cars, 840
of the world, 835
power link
antenna, 454
design procedure, 441
experimental parameters, 431
inductive, 422
power supply rejection
in current reference, 556
in current sources, 540
in microphones, 541
in operational amplifiers, 541
precordial leads, 589
predictive comparator, 560
protein-protein networks, 764
pulmonic valve, 583
pulse oximeter, 275, 298
pulse oximetry
basics, 596
deoxyhemoglobin, 596
duty cycling, 599

evaluation of oxygen saturation, 598

oxyhemoglobin, 596
relative absorbance, 598
pulse width demodulation, 504
pulse width modulation
(PWM), 503
receiver, 504

0, quality factor, 335

Ragone curve, 817
rectennas, 454

in medical monitoring, 601
rectifier modeling, 483
redox reaction, 790
reflected conductance, 829, 843
reflected impedance, 842

in impedance modulation, 494
release time constant, 547
repressor, 767
resonators, 334
resource-SNR equations, 658

retina
circuit model, 734
equations, 735
feedback intuition, 735
similarity to cochlea, 736

return ratio
bridged-T example, 254
inverting-amplifier example, 250
of dependent generator, 242
of passive parallel impedance, 243
of passive series impedance, 244
resistive-bridge example, 253
robustness analysis, 249, 250
robustness analysis in cells, 782
summary, 270
Thevenin’s theorem, 264

transfer-function modification, 247, 248

return ratio analysis, 240

return to zero (RZ), 499

reflected impedance, 426
resonance shifts, 433

RF carrier frequency choice, 524

RF cochlea
algorithmic efficiency, 719
basics, 19
biological inspiration, 707
cognitive radio, 703
experimental performance, 724
input impedance, 715

integrated-circuit bidirectional model, 721
integrated-circuit unidirectional model, 723

sampling requirements, 715
RF-ID, 491
antenna, 477
RF impedance transformation, 426
RF oscillator, 495
RF receivers
incoherent vs. coherent, 522
RF transceiver
experimental waveforms, 509
rheobase, 559
right-brain vs. left-brain, 746
robust biasing, 555
robustness-efficiency tradeoff
analog versus digital, 654
due to feedback, 688
with redundancy, 670
root locus
asymptote rule, 50
beginning rule, 46
complex-singularity rule, 51
departure rule, 49
example, 54
mean rule, 50
mnemonic, 54
normalized value rule, 52
real-axis rule, 47
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value rule, 52
Roska, 736
Russell, 84

sample-and-hold circuit, 563
secondary battery, 815
second law of thermodynamics, 833
second-order systems
introduction, 334
table of properties, 353
Seebeck effect, 832
Seevinck, 354
series-to-parallel, 427
Shannon limit, 673
silicon cochlea, 725
small signal operation, 103
SNR equation in communication, 518
software defined radio (SDR). See RF cochlea
solar. See also photovoltaics
concentrator, 852
electricity, 848
insolation, 848
solar cells, 848. See also photovoltaics
source degeneration, 306
specific absorption rate (SAR), 525
speech locked loop (SLL)
benefits of, 729
s* plane geometry
introduction, 347
intuitive results, 349
phase, 351
real-axis poles, 350
table, 352
squirrels. See feedback systems, mnemonic
static power, 626
Stern capacitance, 808
stochastic resonance, 549
stochastics
artificial electronic mimic of molecular, 773
automatic electronic mimic of
molecular, 764
bipolar transistor analogy, 781
in DNA-protein circuits, 772
in protein-protein circuits, 764
stochiometric chemical balance, 793, 795
subthalamic nucleus, 531
subthreshold
advantages, 153, 684
analogy to chemical reaction, 755
channel charge distribution, 123
comparison to above-threshold table, 59
digital design, 617
digital energy per cycle, 632
digital sizing for robust operation, 622
disadvantages, 685
motivations, 7-9
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noise in, 161
optimum power-supply voltage, 632
robust biasing, 329
robust digital topologies, 622
short-circuit power, 628
slope coefficient, 77, 84
small-signal capacitances, 122
small-signal transconductance parameter
summary, 108
super buffer, 268
super-capacitors, 853. See also
ultra-capacitor
switching probability, 624, 625
systole, 581

Tagore, 651
temperature robustness
in current reference, 555
in log ADC, 553
Tesla, 421
thermal resistance, 832
of air, 832
of the body, 832
thermopile, 832
tissue electric properties, 451
Toumazou, 354
traffic lights, 847
trains
energy efficiency, 840
transconductance amplifier
distortion analysis, 322
noise analysis, 317
offset analysis, 315
transcription, 766
transcription factor, 766
transimpedance amplifier, 275
linear speedup formula, 276
logarithmic speedup formula, 277
transistor scaling, 152
translation, 766
translinear circuits
integrator, 365
lowpass filter, 359, 361, 363, 364
multiplier, 359
signal-to-noise ratio, 372
static, 356
transmission line, 456, 705
architectures in biology, 701
impedance, 706
in cellular development, 785
in neuronal dendrites, 739
in retina, 736
propagation, 705
transport communication, 847
transport efficiency, 838-839, 844
definition, 838
in birds, 845
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transport efficiency, (cont.)
in cheetahs, 844
in planes, 845
of antelopes, 845
of walking, 845
wheels, 845
tricuspid valve, 583
tunneling, 151
Tsividis, 68, 354
Tzu, 103

ultra-capacitors, 536, 819, 853
ultra-low-leakage switch, 563
ultra-low-noise amplifier, 208

ultra wide band (UWB), 489, 525, 673
uplink, 491

ventricle, 581
visual prosthesis
cochlear-implant inspired, 570

compression and coding in, 571
Vittoz, 129, 354
vocal tract, 730
integrated-circuit implementation, 731
noise robustness, 733

Warburg impedance, 810
wearable electronics, 579
well-input amplifier, 304
wide linear range amplifier (WLR), 303
winner-take-all circuit, 373
large-signal operation, 379
small-signal operation, 375
WKB approximation, 713
world electricity consumption, 836
world power consumption, 835

zinc-air battery
basic numbers, 815
chemistry, 815






Epilogue

Information is represented by the states of physical devices. It costs energy to
transform or maintain the states of these physical devices. Thus, energy and
information are deeply linked. It is this deep link that allows us to articulate
information-based principles for ultra-low-power design that apply to biology or
to electronics, to analog or to digital systems, to electrical or to non-electrical
systems, at small scales or at large scales. The graphical languages of circuits and
feedback serve as powerful unifying tools to understand or to design low-power
systems that range from molecular networks in cells to biomedical implants in the
brain to energy-efficient cars.

A vision that this book has attempted to paint in the context of the fields of ultra-
low-power electronics and bioelectronics is shown in the figure below. Engineering
can aid biology through analysis, instrumentation, design, and repair (medicine).
Biology can aid engineering through bio-inspired design. The positive-feedback
loop created by this two-way interaction can amplify and speed progress in both
disciplines and shed insight into both. It is my hope that this book will bring
appreciation to the beauty, art, and practicality of such synergy and that it will
inspire the building of more connections in one or both directions in the future.

Bio-inspired

TN

BIOLOGY

NS

Analysis, Instrumentation, Design, Repair

Epilogue The two-way flow between biology and engineering.
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