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Abstract—This paper presents a retrofit system that exploits SPICE and FastC&pand validated by comparison to exper-
a fluorescent lamp’s own stray electric fields as an excitatio jmental data. The full system simulation includes a lumped-
source for capacitive sensing. The principal result of thisvork  olement capacitive model of the system as well as a simulatio
is the demonstration of sufficient sensitivity for detectirg human . o g .
occupants below the lamp. Experimental results are presestl of the 5|gnal conditioning glectronlcs. Vahdgt_mg the siated
demonstrating detection ranges of 10 ft. between the |amp ah mOdel S|mu|taneous|y Va.“dates the CapaCItlve m0de| aﬂd th
the nearest edge of a human occupant. Theory is developed tocircuit model of the front-end amplifier presented here. For

inform system design choices and future work. A full-system more detailed analysis and discussion, the reader mayteefer
simulation is presented including the simulation of a lumpe [7].

element capacitive model. A circuit model of the fully-diferential
front end amplifier is developed and then validated as part of

the full-system simulation. B. Literature Review

Index Terms—Capacitive Sensing, Capacitive Model, Fluo-  The system presented here can be understood as a retrofit
rse:rﬁsei% Lamp, Fully-differential, SPICE, FastCap, Occupacy onacitive sensor for detecting human occupants. Simitek w
is demonstrated in reference [8], which presents a retrofit
capacitive sensor for detecting occupants using in-plétigyu
|. INTRODUCTION wiring. The system in [8] achieves detection ranges of about
1 m from the wire to the occupant. Reference [8] is one of

N 2008, lighting consumed 0.72 Quadrillion Btu (QBtu)g]any references that set a precedent for modeling a human

in the residential sector and 1.04 QBtu in the commerci . .
. as a conducting body. Other such precedents can be found in
sector [1]. This accounted for 1%3and 22.6¢ of the total
references [9]-[11].

electricity delivered in the residential and commerciaitses, Other apolications of capacitive sensors include occupanc
respectively [1]. The implications of technology that can PP P up

significantly reduce energy consumed by lighting for naalonSenSing in automobiles [11], fingerprint sensing [12], MEMS
ar? d even ylobal ener gzallen os are )(l)b\glliousg accelerometers and position sensors [13]-[15], presdifif [

9 9y 9 ‘ humidity [17], and angular speed sensors [18], and a sensor
for micro-fluids [19]. Capacitive sensors are also found in
A. Context Medical applications [20], [21]. Other types of sensors are
. . . used for occupancy detection. For instance, reference [22]
This work is part of an on-going research effort to demon- ) . L

' : uses daylight MEMS sensors to inform a lighting energy
strate a new low-cost retrofit sensor for extremely finergral

control of lighting in energy management and other applicérar]anagement system. Pyorelectric Infrared (PIR) sensas ar

tions. Therefore, this work presents up to date developsne [sed for occupancy detection especially in demand-sidggne

in the context of previous work. Some basic theory Wans'lanagement applications [23]-{25]

developed in [2] and [3]. Applications of the lamp sensor

were discussed in [4]-[6]. Prior to this work, reference [6] Il. MODELING CONCEPTS

presented the latest developments in our understanding ofn order to configure the lamp and to design sensor electron-

the lamp sensor operating principles and its feasibilityaasics, it was helpful to first conceive simplifying abstractioof

demand-side energy management tool. the system. The goal of this section is to review and develop
This work summarizes the modeling and system desigine principles that support the particular type of simpdifian

approaches common to [4]-[6]. It extends the developmenised here — the capacitive abstraction.

from previous work to include more fully-developed modglin

concepts as well as new circuit analysis and circuit modeli

particularly with regard to the front-end amplifier. This ko

also includes a new full system simulation implemented in The operation of the sensor may be simplified by under-
standing the system in terms of quasi-electrostatic fididen,
Manuscript received —; revised —. This work was supportedheyU.S. the system may be abstracted as a corresponding lumped-
Dept. of Energy and the Grainger Foundation. element capacitive model. The link between electrostaid fi
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"A. The Capacitive Abstraction and Quasistatic Limit



where®. (t) is the total electric flux impinging normal to the
surface with aread. If the electric field impinging on the
surface of the conductor is the result of the potential on a
second conductor, then the potential difference betwegn an
two points on those two conductors is

ve(t) = / E(t) - d3,

grouad where (little)s is an arbitrary path between the two conductors.

@) [8] (®) [9] The voltage,v.(t), must be the potential difference between
any points on those two conductors since they are both
equipotential surfaces. Dividing the total charge on eithe
conductor by this potential difference, by definition, giglthe
capacitance, i.e.

GROUND

e [[LEn(t)-dA  ®,(1)

C= — =€ . 4
[ E(t)-ds ve(t) ®
P AN The current drawn onto a surface of aréaby an impinging
f\,,D\ electric field, E,,, must be the time derivative of the total

charge in that area. From (3), the current is then

n

o e e 0Q(t)  0.(t)
p—— I(t) = =e )
Human Model 5,917,1529 surfaces)
%ﬁw Area (—I’f’T:ll.:)‘]cm? - at at
Yolume 628X 10' em® and combining (4) with (5) reveals that
(c) [10] (d) [11] t
I(t) = oavgt( )

Fig. 1: Examples of systems with human conductor models
taken from references [8]-[11]. as expected. Examining the expression in (5) reveals two key

insights. First, the time-derivative of the electric flux shie
nonzero to support a current on the conductor (electrode).
Therefore, the electrical signal source must be time-waryi
and the conducting boundaries in the system. The boundand in most practical situations will be ac. Second, the time
conditions that arise from Maxwell's equations are useful f derivative between the electric field and the current ingisa
studying these interactions: a 90° phase shift for each sinusoidal component of excitation.
) - - A measurement electrode can therefore be thought of as a
nx (El o EQ) =0. @) transducer between electric field and current. The traresduc
- (51 _ 52) — 0, ) has a _ggin term proportiona_l _to the eIectr_odg arda,the
permittivity of the space containing the electric fieddand the
Equation (1) says that tangential components of electrid fisfrequency of the sinusoidal component of interest|t also
strength are continuous and equation (2) says that the digs a phase term equal %°. Since the electric potential is
continuity in the electric flux normal to a boundary arieglways related to the electric field througlsatialnot a time-
from the surface charge on that boundary. Combining tlaerivative, that90° phase shift occurs between the capacitor
boundary condition in (1) with the fact that the electric diel voltage and current as expected.
strength inside a conductor is forced to zero reveals that th Implicit in the capacitive model abstraction is that the
tangential component of at the surface of the conductor iselectric fields of interest vary slowly enough that the syste
zero. Therefore, the electric field must terminate normdhé quasistatic. In a typical fluorescent lamp ballast, thetakon
(conducting) surface. Adding to this, the boundary conditi frequency ranges from 10 to 100 kHz. The corresponding free-
on the electric flux density (2), reveals that the electritdfie space wavelength of light at say 50 kHz)s= ¢/f = 6 km.
at the surface is both normal to the surfamed equal to Comparing that wavelength to the length-scales within the
the surface charge density divided by the permittivity aé thsensor system, e.g. between the lamp and the floor, or the
medium around the conductor, i.&. = E, = %= The total height of a human occupant, reveals that the lamp sensor
charge in an area), on the surface of a conductor is thereforesystem is quasistatic for any reasonable ballast operating
frequency.

Q) = // ps(t)dA The capacitive abstraction approach in this work generally
A attempts to lump conducting objects in the lamp sensor syste

= e// En(t) dA as nodes in a circuit model. For instance, the backplaneeof th

A lamp, the measurement electrodes, and other large unngovabl

= e®. (1), ©) conducting objects in the detection field are taken as canduc



ing nodes in the system. References [8]-[11] set preceftantssource itself is a conceived electrostatic model of driven
treating a human as a conducting shell. Therefore, the hunfeuorescent bulbs, the signal source reference potentidl an
“target” is also taken as a conducting (and moving) node its physical location in the system is perhaps ambiguous. A

the system. convenient choice for the signal source reference is thHadial
common shown as a ground symbol in Figure 3 because a) itis
B. Modeling the Floor separated from the weak node in the bulb model by a relatively

o , small (alternating) potential difference and b) it is a pgbgb
It is difficult to generalize the floor below the lamp as %ode in a the ballast circuit that allows for explicit ohmic

conducting or a nonconducting plane. The correct treatsent,,nnections. Therefore, in this work, the ballast common is
perhaps dependent on the particular construction of art;/ngivC

; ! ) called the “signal source reference” and those two node same
floor. Moreover, if the floor is taken as a conducting plane, e used interchangeably.

must be determined if it is sufficiently well-connected tg/an
reference potentials in the system, e.g. earth groundid®ect
V describes a method for controlling these ambiguities by
iteratively comparing simulated results to experimentaiad
For now, the floor may simply be taken as another conducting

node in the system. - weak | strong

Vwk Us Vend

C. Modeling the Source

Identifying a reasonable and useful model of the signal Vbulb
source is a key challenge in forming the lumped-elemehig. 3: Two bulb halves comprise the lumped element model
abstraction of the lamp sensor system. The signal sourceofsa single bulb.
derived from stray electric fields that couple from the ends
and surfaces of the bulbs to the other conducting objectsan t
system. Lumping a single bulb into two pieces and compari
the resulting source impedance to the capacitive impedan
that load it reveals that a voltage source (as opposed to dlaving lumped all of the key elements in the system as
current source) representation is reasonable [2], [26Virtda conducting, and possibly driven nodes, the electric field be
chosen a voltage source representation, the two piece of llavior may be captured by considering the capacitive cogpli
lumped signal source model may be assigned correspondisgjween those nodes. Proceeding along these lines, atcircui

Eg Capacitive Models and Limitations

(alternating) potentials. model of the relatively complicated system can be drawn. The
signal conditioning electronics can be taken to connechab t
Ubulb  “weak” “strong” circuit at the electrode nodes and the system response can

be determined by various means. An example of such a full
system model is presented and evaluated in Section V using
capacitance extraction software and a SPICE simulation.
Perhaps the primary limitation of the lumped element ca-
% ibaliast pacitive model originates in the modeling of the signal seur

The electric field is related to the spatial derivative (jgat)

of the corresponding scalar potential field, i6. = —Vo.

When the bulb is lumped into two distinct halves and each half

assigned a single potential, the variation of the actuadmual

along the length of those sections is neglected. Furthermor
Figure 2 depicts the alternating linear voltage profile glorgprupt changes are implicitly introduced in the potentidha

the length of a driven resistive bulb. If the bulb is lumpetbin gnds of the bulb halves. The electric field correspondingéo t

two halves, the half closer to the driven end may be called tnﬁ.nped element model is inevitably an approximation of the

“strong” half because the potentials in that piece vary avith  actyal electric field. Nonetheless, Section V will show tinet

respect to the undriven end (the ballast common). Then, t§proximations inherent to the lumped-element model allow
half closer to the undriven end may be called the “weak” hajyr acceptable prediction of the system behavior.

for obvious reasons. A corresponding lumped element model
of a single driven fluorescent bulb is depicted in Figure 3. In
Section V, a capacitive model is evaluated in which the digna
source derived from a two-bulb lamp is represented using twoThe lamp sensor design incorporates two key system
lumped-element models like the one shown in Figure 3. paradigms. First, the lamp is configured to support a “bal-
1) Signal Source Referencén this electrostatic system, it anced” measurement of the electric fields. The signal condi-
is important to establish conceptions of the referencerigis  tioning electronics are fully-differential (FD) and ardénded
and surfaces that support current return paths as we devdlpgake full advantage of the balanced source configuration.
lumped-element models of the system. Because the sigBaicond, the lamp sensor system is configured as a synchronous

Fig. 2: Alternating linear voltage profile of a resistive bul

IIl. L AMP SENSORIMPLEMENTATION



detector. Synchronous detection achieves significanttieje ;
of unwanted signal sources. Ballast
Figure 7 shows a simplified schematic of the implemented o , P ,
electronics. Typical passive component values are shown in Nt N VAL
Table I. i Bulb 1 |
TABLE I: Typical system parameters and passive components. ' i — E j
: u :
Parameter] Value ! \/\5 N .
R0 10 MQ
Cri2 7.5 pF Fig. 5: Reversing the connections to one bulb in a two-bulb
Ry 200 K2 lamp yields the desired symmetry in the electric field source
Cys 660 pF
Riim 20Q
Ry 50042 B. Synchronous Detection System
Rips 10 kQ
Cl:Df 150 pF front-end amplifier
Searr 50 kHz c
mens a(t) 7(t)
Carrier D—Aﬁﬁ‘ z —{ LPF M—» To PIC
With the added costs of such systems in mind, the sensor , .
electronics presented in this paper are intended to enadye d L 7 nn
in replacement of standard fluorescent lamp ballasts. Thp la
sensor presented here requires two measurement electrodes phase-reference amplifier

positioned in front of the lamp. Those electrodes may lfg. 6: A block diagram of the signal conditioning system.

integrated into the lamp fixture or even sprayed onto the lamansimpedance amplifiers are marked with a ‘Z’.
cover using a translucent conductor like Indium-tin Oxide

(ITO). Figure 6 shows a notional block diagram that highlights the

synchronous detection scheme employed in the signal condi-
A. Lamp Configuration tioning electronics. In the synchronous detection systi@,
carrier signal is the high-frequency alternating signairse
driving the capacitive network below the lamp. Movement
of the target into and within the detection field changes the
amount of capacitive coupling from the lamp to the electsode
and thus the amount of current input to the front-end. This
! modulation effect is represented in Figure 6 with a variable
capacitor,Cy,.qs- A copy of the (unmodulated) carrier signal
% is fed forward and multiplied with the output of the front
/; Electrode 2 end amplifier. Multiplication by this phase reference acége
%L/ specificity in phase and frequency leading to a significant re
jection of unwanted signals. A low-pass filter (LPF) atteiesa
Electrode 1 the high-frequency residue after demodulation to yielddke
Fig. 4: A diagram of the two-bulb fluorescent lamp an#requency modulations caused by the target below the lamp.
electrodes. The electrodes are spaced symmetrically dhout From reference [7], the output of such a synchronous

Lamp Midpoint

center of the lamp. detector, can be approximated as
4
In the experimental setup presented here, the lamp sensor r(t) = =ZyLia(t) cos ¢ |, (6)
is built upon a two-bulb lamp. A drawing of the lamp and T

measurement electrode configuration is shown in Figure é. Tim which I;4(t) is the amplitude of the DM input current to
electrodes in Figure 4 are used to measure the stray electhie front-endZ; is the nominal frontend feedback impedance
fields from the lamp. To create a balanced signal source, thedue and¢ is the phase error between the front-end output
ballast connections to one bulb in a two-bulb lamp are r@dersand the phase reference.

as depicted in Figure 5. The resulting symmetry in the atectr

field can yield a “nulled” measurement when there is no target .

in the detection field. The front-end amplifier connectechi® t C. Front-end Amplifier

electrodes in this balanced configuration may have very highThe front-end amplifier is a fully-differential (FD) curren
gain without saturating its output in the absence of a detect mode amplifier. It is designed to take advantage of the bal-
Very small perturbations of the electric field may be det#cteanced signal source and to measure signals from the high-
as relatively large deviations from the null-point. impedance capacitive system. Current-mode amplificatson i
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Fig. 7: A simplified schematic of the fully-differential sigl conditioning electronics

implemented in Figure 7 with op-amps in closed-loop tranransimpedance value at ballast operating frequencidseis t
simpedance configurations. Simply speaking, input cusrertypically upper-bound by practical values 6%, » and in that
see a small impedance or a “virtual short-circuit” betwe®n t case, the transimpedance becomes capacitive.

input nodes of a transimpedance amplifier. This DM “virtual The components that make up the transimpedaRige,
short-circuit” behavior is discussed in great detail inétehce andC'/; o, should also result in a stable closed-loop configu-
[27]. The AD8620 op-amps shown in Figure 7 are configuredtion. Section Ill-H derives the loop transfer functiondan
as buffers. They were chosen for their JFET input devicesyaluates the stability of an implemented sensor front-end
which draw very little input bias current and generate reldinally, the transimpedance should be chosen so that treepha
tively little input-referred current noise. Having to slppery of the front-end output, with respect to the ac signal sauece
little input bias current allows for very large-valued feadk well-matched to that of the phase reference amplifier. Secti
resistance, which is convenient when a large transimpedani¢-E shows that the implemented front-end amplifier achigv
is desired. The benefit of the low input-referred currensaoia calculated phase error of about &nd a corresponding
of the JFET-input buffers is quantified in Section IlI-J. multiplicative error factor of about 0.99. Refer to Tableor f

1) Front-end Feedback Impedance Value Selectithree typical front-end feedback component values.
main considerations led to the choice of feedback impedance

components for the front-end amplifier. They were: D. Front-end Amplifier Analytical Modeling
« Noise performance In reference [27], we analyze the FD transimpedance am-
« Closed-loop stability plifier in Figure 8. Using a linear superposition approack, w
« Phase-matching. show that the DM output voltage is

The transimpedance value should be large enough that thes =
noise _prod_uced by _the amplifier itself does not pverwhelm 97 aq — %GCAZf _ a.Z5 — adAZs\
amplified signals of interest. The value of the total impexan (1% ay) 1id W iicy (7)
in the feedback network is equal to (half) of the nominal tran d d

simpedance for the FD front-end (see Section IlI-D). Thergsherei,, is the DM input currenti;. is the CM input current,
fore, _elther increasingt s, 2 or decreasing’'s; » increases the a4 is the op-amp DM-DM gaing, is the op-amp CM-DM
transimpedance value. The values of the feedback impedageaéh. Average and difference impedances are defined as
components themselves also influence the total amount of

noise contributed by the front-end. Section I11-J will shtvat Z; = (Z’C%Z’CQ)
noise embedded in the incoming signal currents dominages th AZy = Zj— Zpa.

total noise at the output of the sensor electronics implytirag
the implemented front-end is suitable in this regard. BeeauExamining the DM output voltage in (7), the term multiplying
the JFET-input buffers (AD8620) require very little input,, is the DM transimpedance and describes the dominant be-
bias current, a very large feedback resistor can be used. Hawior of the amplifier. For the perfectly ideal caag,— oo,



E. Phase-Reference Amplifier

j The phase reference is measured with a single-ended tran-
o simpedance amplifier that is capacitively-coupled to thibsu
+ similar to the front-end amplifier. The phase reference-elec
Via trode can be taped to the bulb or to the ballast wire. It cam als
o be built into the ballast as a trace adjacent to the driveasign
? for the bulb or as an explicit capacitor coupling to the slla

drive signal. The output of the phase reference amplifisedri
opposite inputs of two comparitors in order to generate two
(@) A fully-differential transimpedance (barred and unbarred) control signals for the FD multiplier
amplifier. 1) Phase-Reference Feedback Impedance Value Selection:
Three main considerations led to the choice of feedback
impedance components for the phase-reference amplifiey. Th
were;

Vod (Gid, tic) « Output Signal level
o Closed-loop stability
« Phase-matching.

The transimpedance value for the phase reference ampli-
fier should be chosen so that, given the configuration of
(b) A small-signal T-model [27]. the phase reference electrode, the amplifier's output kigna
is well-behaved. That is, the output signal should be large
Fig. 8: A fully-differential transimpedance amplifier and &nough to support good transitions in the comparators, tbut i
small-signal model from [27]. should not saturate the output of the phase reference aenplifi
Depending on the particular implementation of the phase
reference electrode, the transimpedance value that satikfs
criterion is most easily found by experimentation. Stapili
] considerations for choosing the transimpedance for thegha
ac — 0, and AZy — 0Q, the “fully-ideal” output voltage reference amplifier are addressed in Section IlI-H.
becomes — The phase-reference amplifier's output should be well-
Vod = 2Zflid | (8) matched in phase to the output of the front-end amplifier.
firom Section IlI-D, the closed-loop frequency response of
the FD transimpedance amplifier can be approximated with
the transimpedanceZ;. Similarly, the closed-loop response

A similar analysis leads to expressions for the CM and D
input voltages:

. AZy Zy of the SE amplifier can be approximated by its feedback
Vie = —lig—=— + tic—- 9) . . X X
2 2 impedance value. Given the typical passive component salue
and from Table | the magnitude and phase of the closed-loop
response for the phase-reference amplifier is
Vid =
(27 + 3AZ;a. - (AZj + Zac (10) Zgs] = 482 k?
Yid (1 + ad) Lic 2(1 + ad) . 4Zj3 = —88.6 (15)

and for the front-end amplifier,

Based on the analytical results in (7)-(10), we form approx- 277) = 424 kQ
imate circuit models of the transimpedance amplifier shown :

in Figure 8(b) using the model parameters: £2Z5 = —8T.6°. (16)
Z; Equations (15) and (16) show a phase errorqﬁ_o_f: 1°
Ze= |\~ (11) between the front-end and phase-reference amplifiersedios
A loop response af.. From equation (6), the multiplicative error
7, = <2Zf + EAZf‘lc> (12) factor corresponding to this phase error is
1
(A—;ad) 1N = cos¢ = cos 1° = 0.99985. a7
. . f
ec(iia) = —iid (T) (13) Because both the front-end and the phase-reference amglifie
N - are capacitively coupled to the signal source and because
eqliic) = iic <_ S fOc ) (14) is close to unity, the outputs of the two amplifiers should be
2(1+aq)  2(1+aq)

well-matched in phase. Equations (15) and (16) also reveal
This model of the front-end is validated as part of ththat both transimpedances are largely capacitive at theakig
simulation in Section V. frequency,f.. Therefore, the phase between #ignal source



voltage originating in the lamp and the outputs of the twdollowing loop-transfer function [7]:
amplifiers should be nearl§°.! Refer to Table | for typical

phase-reference feedback component values. L(s) = aa(s)Hy(s) ~ ZZ ’ (19)
+2y
F. Electrode Cable Shields whereH ;(s) is the closed-loop transfer function of the JFET-

input buffer op-amps (AD8620)q4(s) is the DM gain of

In this implementation of the lamp sensor, the electrodesq e THS4140 op-amp? is the nominal impedance between
connected to the input nodes of the amplifiers with shield ) OP : P _
e op-amp inputs and incremental ground, and is the

coaxial cables connected fo the lamp sensor power SUPRYminal feedback impedance. A similar analysis leads to the

ground as shown in Figure 7. Those shields reduce coupling to . ) i i
the wires between the electrodes and the electronics. Huwe%/mp transfer function for the (single-ended) phase-esfee

they also present a significant capacitance between thé in%rlellfler [71:
nodes and power supply ground. That shield capacitance A
has different implications depending on the configuratién o Lp(s) = aJ(S)Z 75 | (20)

the lamp sensor system. For instance, if the power supply
ground is well-connected or even coupled to the signal souri@ whicha;(s) is the DM voltage gain of the AD8620 op-amp,
reference, those shields may actually shunt some of theedesiZ is the impedance between the op-amp inverting input and
signal currents away from the amplifier. On the other hand,iifcremental ground and; is the value of the amplifier's
the power supply ground and signal source reference are fesdback impedance. Stray input capacitances from Section
well-connected, the shield capacitances should have arled§-G compriseZ in (19) and (20).

impact on desired signal currents. In either case, thedshéel

pacitances should be taken into account when enumeratng th

Bode Diagram

stray input capacitances at the input nodes of the amplifiers Gm = InfdB (at Inf radisec) , Pm = 75,9 deg (at 4.11+007 radisec)

100

G. Stray Input Capacitances

There are some significant capacitances between the amy
fier input nodes and power supply or incremental ground i
the implementation of the lamp sensor presented here. The
“stray input capacitances” largely consist of the coaxiaékl
capacitance from the electrode cables, the stray capaeitar
between PCB traces and the input capacitance of the AD86.
op-amps in the front-end amplifier. The total stray inpul
capacitance was measured, using an LCR meter operating
50 kHz, between the input node on the lamp sensor PC

Magnitude (dB)

Phase (deg)

connected to electrode 1 in Figure 7 and the lamp sensol R " e e o
power supply ground.For this measurement, the lamp senso Frequency (rad/sec)

was powered off and the feedback passive componétyts, (a) Front-end, P.M= 75.9°

and Cyy, were removed from the PCB. An electrode with a —

36-inch RG- 174 electrode cable was attached to the inpu Gm = nf, Pm =90 deg (at 1.26¢+008 radisec)

node of interest. 110

For the analysis and modeling in the rest of this work, the
total stray capacitance is taken to be that measured for o
particular PCB:

Magnitude (dB)

Cstray = 159 pF|. (18)

For convenience, the stray input capacitances were assun
to be the same for both input nodes of the front-end amplifie
and for the input node of the phase-reference amplifier.

Phase (deg)

H. Feedback Compensation

Closed-loop stability is readily evaluated by analyzing th st :

10 10 10° 10 10°

open-loop transfer functions (“loop transfer function®pal- Frequency (rad/sec)
ysis of the front-end amplifier shown in Figure 7 leads to the

(b) Phase-reference, P.Ms 90°

“or 180° depending on the implementation, e.g. inverting or noeiting  Fig 9: Open-loop frequency responses showing suitablegoha
amplification. .
2Eijther input node yielded about the same capacitance. margin.



To evaluate the stability of both amplifiers, dominant pol&herefore, inserting those buffers de-couples the freguen
models of the op-amp dynamics were extracted from thmesponse design constraints of the LPF from the maximum
datasheets [28], [29]. Those model parameters are showrsdurce impedance constraints specified for the A/D [31].
Table II. Finally, feedback impedances in this implemeaotat

TABLE II: Dominant Pole Models J. Noise

The electronics were designed to contribute less noisesto th

Part Parameter Value final output than the noise inherent in the measured sigoal. T
THS4140 GBW 2,238.7 Hz evaluate our efforts in this regard, the noise contribiitsrom

[29] Dominant Pole| 67 kHz the implemented electronics may be enumerated analyticall
AD8620 GBW 150 kHz Because the noise inherent in the measured signal is most

[28] Dominant Pole) 166 Hz easily quantified empirically, experimental data ultinhate

_ verified the low-noise design. From reference [7], the total
were those shown in Table I. Bode plots of the loop transfgbise voltage contribution of the front-end amplifier at the

functions are shown in Figure 9. Both plots show good phaggp input (the output of the synchronous detector) is
margin indicating suitable stability.

Closer examination of the loop-transfer functions revéads v, ., ~ 2 BW,, x
manner in which the feedback compensation achieves closed- m

loop stability. The loop-transfed.(s), for the front-end can Z; 2 _ AkT
be re-written as (e7r +2e2 ) (7) + (22% + 2R—j) Zs12. |Viems,

1+ RfSCf ) ’ (21) . (22)

L(s) = H
(5) = aals)Hs (o) (1 + Rys(Cin + Cy) — . . . .

, . i , in which Z is comprised of the stray input capacitances from
where(C},, is the total cape_lcnance from the either |np_ut n°d§ection Il-G and the complex impedances may be taken as
to ground. With the domln_ant pole models, the gain teMFeir yalues at the carrier frequency because the synchsono
aq(s) and H,;(s) each contribute one pole but no zeros. Thgatector output is narrowband [7]. Alsg. ande,,; are the
addition of R; contributes one additional pole and the additioﬂwput-referred voltage noises for the THS4140 and AD8620
of Cy contributes one additional zero (consider equation (2L} s respectively,, , is the input-referred current noise of the

for C'y = 0). The additional zero in the vicinity of at least o€\ g0 part, k is the Boltzmann constant, T is temperature,
of the poles significantly reduces the phase of the loop 1teanst is the nominal feedback resistance in the front-end «and

function near cross-over, thereby increasing the phasgimars'iha carrier or ballast operating frequency. FinalBjy,, is

of the system. The incorporation of the parallel capac#anGy,q nojise bandwidth and is ultimately constrained by the A/D
Cy, in the feedback network is a form of lead compensatiqf pe 12 4 Hz for a typical sampling rate of 14 sps. Using
because it adds leading phase shift or positive phase t0 g ation (22), the passive component values in Table I, the
output signal relative to the input signal at all frequesdB].  yaiasheets for the parts in Figure 7, the noise sources at the
input to the A/D may be enumerated as follows }7]:

I. Fully-differential Synchronous Detector

The electronics between the front-end and the A/D are fully- Un,amp = 500 NV
differential (FD) primarily because this eliminates theddor Vnbuff = 1.5 uVp—p, typical in 0.1 — 10 Hz
a dlffer_entlal-to-sw_lgIe-ended converter. The_ FD sigrtzdin Onan = 250 NV, (23)
also rejects CM pickup and power-supply disturbances. '
The FD multiplier is implemented with a full-bridge of From (23), the dominant noise source originates in the biffe
analog switches controlled according to the measured ph#isat precede the A/D inputs. Therefore, the front-end is
reference signal. The FD low-pass filter is implemented asitably low-noise in the sense that it it the dominant
an R-C ladder and serves to attenuate the high-frequemgjse source. Whether or not the electronics as a whole are
residue left after demodulation. Because band-limitifgaté suitably low-noise depends on the noise content inherent in
in the final A/D are significant, the LPF may be viewedhe measured signals. Time-domain plots of typical noise at
as an anti-aliasing filter while the majority of interpotati the lamp sensor output are shown in Figure 10. Comparing
occurs in the A/D itself. A typical sampling rate for the A/Dthe noise in Figure 10(a) to that in Figure 10(b) reveals that
is 14 sps. Taking the corresponding Nyquist rate (7 Hz) #se signal conditioning electronics contribute negligilib
the low-pass bandwidth, the synchronous detector willdlgrg the overall noise content. Therefore, the signal conditign
reject unwanted signals whose frequency differs from tHiat electronics are suitably low-noise.
the desired signal by more than 7 Hz. Given typical carrier
frequencies near 50 kHz, the synchronous detector efédgtiv IV. RANGE TEST

achieves extremely aggressive bandlimiting of the inc@min 14 eyaluate the sensitivity of the implemented lamp sensor,

modulated signal. a range test was performed. A cart-mounted system, shown

Two chopper-stabilized op-amps buffer the output of thg rigure 11, was constructed to collect sensitivity data.
LPF. Those buffers present a high input impedance to the pre-

ceding LPF and a low-output impedance to the ensuing A/D2and assuming an ambient temperature of 300 K
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component values for the sensor are shown in Table III.
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Fig. 12: Example output data plots taken from the range test
for a passing target. (Configuration 44x5)

TABLE llI: Range Test Experimental Setup Parameters.

"

. o Parameter Note / Value
Fig. 11: A photograph of the cart-mounted lamp experimental Ry12 1 MQ
setup Cri2 1 pF
Rys 80 k2

Data was taken for 20 different electrode configurations. Cts 30 pF
Each configuration consisted of an electrode spacing anthdep fearr 42 kHz
as defined in Figure 4. Each sample consisted of one pass of Phase Ref Elect. Taped to bulb center
a human target walking in front of the horizontally mounted Earth, gnd, Common Not explicitly connected

lamp. The metric for each sample was the ac rms output
voltage, V,. -ms. FOr each configuration, 10 control samples
(noise floor measurements) were taken with no target. Thenodel. A depiction of the model implemented in LTspices
for each range in each electrode configuration, 5 samples wehown in Figure 18.

taken with a target passing in front of the lamp. A Z-test

in MATLAB® was performed on the data comparing each X SPICE Model

sample data set for each range to the control data set for th
corresponding electrode configuration. In our detectide,ru
the sample data sets had to demonstrate a riigan,,s larger
than that of the control data sets with a confidence level
99% or better. The resulting statistical data are shown bieTa

IV at the boundary of the detection range. The range vari . . L
along the columns. The electrode configuration varies alofig" be found in Appendix A. The remaining SPICE parameters

the rows. The data in Table 1V indicate detection ranges b be found in Appendix B. With these Components.’ the
7-10 ft., depending on the electrode configuration. output voltage of the synchronous detector, corresponiting
' equation (6), can be read directly from the simulated result

1) Phase AccountingBy accounting for the phase con-
tributions in SPICE, the simulation is expected to yield the
This section presents and evaluates a SPICE model of tiwerect polarity of the output voltage. The phase reference

lamp sensor system including a lumped element capacitibe SPICE simulation includes an additiorzql0° phase lag

q’he SPICE simulation (Figure 18) includes a lumped ele-
ment capacitive model like the one described in Section I, a
E?il{cuit model of the front-end amplifier taken from Section

lMl-D, and a model of the entire signal processing chain
ggscribed in Section Ill. The netlist for the front-end aifig

V. CAPACITIVE MODEL AND SIMULATION



TABLE 1V: Detection Datap — values for Various Electrode Configurations at the Limit of the Dmien Range.

p-values
Spacing(in.) Depth(in.) Tt 8ft. oft. 10ft. 11ft. Noise Floor 4V g ¢, rms)
44 5 0 0 0 2.53x10~ % 0.328 54.5
4 0 0 4.63%1077 0.0165 N/A 65.1
3 0 0 0 4.85%x10~ 6 98.9
2 0 <1077 0.0426 N/A N/A 168.5
38 5 0 0 0.0240 N/A 618
4 0 0 0.865 N/A 67.3
3 0 0 0.133 N/A 62.7
2 0 0 0.00200 = N/A 74.0
28 5 0 0 0 0.306 452
4 0 0 0.676 N/A 70.7
3 0 0 0.884 N/A 523
2 0 =_— 0.0270 N/A 65.3
19 5 0 0.382 N/A N/A 55.4
4 0 0 <1077 0.126 N/A 416
3 0 <1077 0.0120 N/A N/A 454
2 0 0 BUBGIONS  pmEy  N/4 422
15 5 0 <10~ 7 0.0360 N/A N/A 40.9
4 <10—7 = N/A N/A N/A 515
3 0 0.0640 N/A N/A 499
2 <1077 0.0120 N/A N/A N/A 57.2

to account for the inversion in the phase reference amplifierTypical simulated capacitances are shown in Table V. Those
and the90° phase contribution from the front-end amplifiercapacitances represent the simulation of the target umger t
not accounted for by the front-end SPICE circuit mati@he left edge of the lamp in Figure 13 with the lamp at a height
ADG411 analog switches shown in Figure 7 are active-lowf 2.43 m. Several capacitances in simulation are taken to be
This was accounted for in the SPICE simulation by controlixed as the target moves under the lamp (“Assumed Fixed”)
ling the simulated switches with logically-inverted (“bad”) while only a few are taken to vary while the target moves
versions of the control signals from the comparators. (“Vary with Target”). When the target passes directly below
the center of the lamp, many capacitances can also be assumed

B. Capacitive Model from symmetry.

The intent of the capacitive modeling approach in this seTABLE V: Typical Simulated Capacitances (shown for a target
tion is to build the model by considering all of the capadites positioned under the left end of the lamp sensor depicted in
between all of the conducting nodes in the system. EaFigures 13 and 16(a)).
conducting node is initially taken to be floating. Depending

. . Capacitance Value Notes
on the configuration of the system or on measurements taken Vary with Target
from the experimental setup, some of those nodes may then L. strong-Target 300 fF
be modeled as being to a particular potential. R. strong-Target | 167 fF
. . . L. Electrode-Target 534 fF
1) FastCaf® - Capacitance Extraction:A capacitance R. Electrode-Target | 187 fF
extraction software, FastC&8p was used to determine the Backplane-Target | 14.3 pF
lumped element capacitance values to insert into the SPICE Cabinet-Target 25 pF .
. . . . Assumed Fixed
S|mulat|o_n [32]. A _scre_enshot of the 3D model built for this [ stong-L. Electrode | 477 7
purpose is shown in Figure 13. In the 3D model, one can see L. strong-L. weak 126 fF
the floor at the bottom, the human target on the left and the L. strong-R. strong | 41 fF
fluorsecent lamp and electrodes (lam bove th t L. strong-Cabinet S0 17
p p Sensor) above thercen R. strong-Cabinet 62 fF
of the floor. Also included in the model are other unmovable L. weak-Cabinet 81 fF
conducting objects such as a large cabinet on the left, ds wel R. weak-Cabinet 53 fF
head pipes, other lamps, a large duct and a power stri L. Electrode-Cabinet | 102 i
as overnead pipes, . ps, g P P R. Electrode-Cabinet | 52 fF
case that appears at waist level. Backplane-Cabinet | 19 pF
For each simulation, FastCBpgenerated an output matrix L. strong-R. Electrode| 27 fF
like the one shown in Fi 14. The output matri thi L. strong-Backplane | 3 pF
gure 14. The output matrices conthine L. Electrode-Backplane| 3.1 pF
the values of the capacitances between each conductor in the L. strong-R. weak 1.6 pF
system. For instance, the matrix element at row 5, column 8, Floor-Backplane | 79.7 pF
. Floor-Cabinet 121 pF
corresponded to the net capacitance between conductoe5 (th Floor-L. strong 321 fF
left electrode) and conductor 8 (the target). Floor-L. Electrode 401 fF
Floor-Target 42.4 pF | “Shoe Capacitance”

4The 90° phase contribution is due to the capacitive feedback elesnen
in the real sensor front end. For simplicity, in the SPICE eipdve take
the entire feedback network to be purely real with a resisagqual to the
magnitude of the impedance of the actual feedback network.

diagonal elements are reported as positive values. If thacii@nce matrix
has non-negative off diagonals, we expect that there has d&@eoblem with
the extraction of the capacitance values [32].

10

2) Simulating the Floor:Section Il, discussed the ambigu-
ity concerning the correct model of the floor below the lamp.

5According to the Maxwell capacitance matrix format, muteapacitances The floor in the experimental setup was a tile floor on top of
(off-diagonal elements) are reported as the negative af dictual value while 5 concrete slab of unknown construction. Two key questions
arise: 1) is the floor is well-represented by a conductinggta
and 2) if it is well-represented by a conducting plane, is it
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Fig. 13: A screenshot of the FastGa8D model

CAPACITANCE MATRIX, femtofarads

1 z 3 4 5 ] 7 g 9 10

1% GROUPL 1 3.295e+004 -39.1 -122.9 -1623 -470.8 -25.47 -2.993e+004 -299.7 -38.45 -221.7
15 GROTPZ 2 -39.1 3.304e+004 -1617 -1Z6.5 -Z5.68 -455.5 -3.0z21e+004 -167.4 -56.4 -z09.2
15GROUP3 3 -12z2.9 -1617 3.296e+004 -39.19 -469.7 —24.75 -3.00Ze+004 —291.4 —-65.85 -179
15 GROUPS 4 -1623 -12Z6.5 -39.19 3.30Ze+004 -Z6.19 -456.3 -3.01le+004 -175.5 -47.29 -252.8
1% GROUFPS 5 —-470.8 —£5.68 -469.7 -26.19 4860 -15.88 =1 -536.9 =74.87 —Z24
1% GROUPE 3 -25.47 -455.5 -24.75 -456.3 -15.86 4543 -3127 -187.2 -43.94 -328.7
1% GROTP? 7 -2.993e+004 -3.021e+004 -3.002e+004 -3.011e+004 -2861 -3127 3.479e+005 -1.43e+004 -1.90fe+004 -7.6e+004
15 GROUFPS g -299.7 -167.4 —291.4 -175.5 -536.9 -187.2 -1.43e+004 o.776e+004 -2511 -4.538e+004
15 GROTPS 9 -39.45 -56.4 -65.85 -47.29 -74.87 -43.84 -1.906e+004 -2511 1.656e+005 -1.227e+005
a -221.7 -209.2 -179 —Z252.8 -Z2i4 -328.7 -T.6e+004 -4.535e+004 -1.227e+005 3.633e+005

15 GROUPLO 1

Fig. 14: An example FastC&poutput matrix

well-connected to reference potentials in the systemeagh taken from the SPICE simulation to the peak deviation of
ground? To control these ambiguities, data from simulatia@rresponding experimental data. The effective condgctin
was compared to data from the experimental system wiflbor depth was set using data with the lamp set at a height
and without an artificial conducting floor made of Aluminunof 2.43 m and then held fixed for the other experiments. The
foil. The artificial conducting floor was also connected anfinal value of the effective conducting floor depth is shown in
disconnected to or from the earth ground reference. Becadsdle VI.
little change was observed in the measured output from the
experimental system among the three cases, it was spatulate . N o
that the actual floor below the lamp was well-represented by3) Simulating the SourceThe capacitive model in Figure
an earthed conducting plane. In the SPICE model of Figure 16 includes a .model .of the S|gngl source consistent with the
this was implemented as a short circuit between the “eartfi@velopments in Section II. That s, in the signal source efod
and “floor” nodes. In the FastC&p3D model of Figure 13, €ach bulb consists of two nodes - “strong” and “weak”. Be-
this is manifested as a conducting plane below the lamp af@i/se the model in Section Il divides the bulb into two didtin
the targef pieces, it is necessary to assign each piece an alternating
Having a conducting plane model of the floor, the effecti@Otential with respect to the signal source reference. @ase
depth of that conducting floor (“effective conducting flooP" the alternating linear voltage profile of a single (résejt
depth”) was also adjusted by comparing simulated and expBfIP Shown in Figure 2, it is convenient to assign the model
imental data. To that end, a conducting plane was position@‘arameters for the signal source model in Figure 3 as follows
in the FastCa simulation some distance below the surface 1

1
. : T = Uhulns Vs = —Ubulb, - 24
of the actual floor. That distance was determined empigicall Yok = 7 Vbulbs Us = 5 Ubulby Vend = 7y Ubulb (24)

4 2 4

by closely matching the peak deviation of simulated daighere the total bulb voltage is comprised of the three veltag
ie.

6Segmenting the floor plane into smaller panels, as shown gur€i Vbulb = Vwk + Vs + Vend- (25)

13, aided the FastCap simulator. In general, this methodreéking the

conductors into pieces aided the simulation and was a pahctiecessity Figure 15 shows an oscilloscope shot of the bulb voltage and

for getting the simulator to work properly. Common resulislded by a
model without enough of this kind of granularity includedofrnegative
off-diagonals” and “failure to converge” errors as well asipbitively long
computation times.

11

current under the experimental conditions. It shows a bulb
voltage amplitude o200 V and an operating frequency of
about50 kHz. With vy, = 200 V, the pieces of the signal
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e a 200y the SPICE model shown in Figure 18 and the simulated lamp
sensor output voltage was read directly from SPICE.
Chi Freq First, the fixed capacitances listed as “assumed fixed” in
S Table V were taken from a FastC&psimulation with the
cn RS target below the left end of the lamp. Then, the simulated
offset was measured by inserting all of the capacitanceas fro
chz kYIS that FastCa@ simulation into the SPICE model of Figure 18

102ma

and reducing the “vary with target” capacitances by 10 arder
of magnitude. The resulting output voltage was saved so that
it could be subtracted from the rest of the simulated output
values.
i 250V [Chzl T00mAs M[T0.0us] Al Chi J 0.0V b2 reb 2010 Finally, thirty seven separate simulations like the one de-
i [0.00000s | 21:44:36 picted in Figure 13 were used to model a passing occupant. For
Fig. 15: Fluorescent bulb voltage (top) and current (bojtomeach simulation, the target was moved2incm increments,
along the path that the real target in the experimental setup
would take. In the simulation, the left end of the lamp was
source model become positioned at the x-origin (x = 0 m). The target started 3 m to
the left of the origin in simulation (x =-3.0 m) and was stogpe

Vwk =50 V (26) 3 m beyond the right end of the lamp (x = 4.2 m). The final
vy =100 V (27)  output plots re-center the data so that= 0 corresponds to
Vend = D0 V. (28) the center of the lamp. Simulation parameters are sumnthrize
The sianal del ; ed in T iﬁl Table VI. An example list (.Ist) file for creating the model
v e signal source model parameters are summarized in Ta| ie:igure 13 can be found in Appendix C.
Note that the polarity and lack of pha_lse shift between th_e TABLE VI: Simulation Parameters.
measured bulb voltage and current validates the assumption
. . . Simulation Parameter Note / Value Source
that the bulb is well-modeled at high-frequency as a resisto Cbulbl.2 200V Oscilloscope (Figure 15)
. . N " Vg 100 V Model (Section II
The bulb voltage and current in Figure 15 indicate a bull B 50V Ve (gecion I
resistance of approximately 1k 2, pei Calcned 347 || @ = 2 fo
Earth, gnd,VCommon Explicitly connected N/A
. Electrode Dep;h 14.5 cm Meas'd between electrodes and bulb surfage
C. Connecting “Earth; “GND;" and “Common” e | 20 3ksom | osmeed ook s o
« Target Height 1.83m Measured height of human occupant
In the lamp sensor system, there are several “referengestecte conducing Fioor Depth -25cm Empirical (Section V-B2)

potentials” including the lamp sensor power supply ground
(“gnd”), the ballast common (“common”), and earth ground
(“earth”).” To simplify the simulation, all of those referenceE. Experimental Procedure

potentials were explicitly shorted together in both theeekp  Experimental data was taken from the experimental setup
mental setup and in simulation (see the bottom left of Figuegown in Figure 16(a). The photograph in Figure 16(a) is
18)8 labeled so that it is obvious how the experimental setup
Certain conductors were found to be connected to the refggyresponds to the 3D model shown in Figure 13. Figure 16(b),
ence potentials. It was verified with an ohm meter (and a pieggows a close-up of the hanging lamp sensor and its adjestabl
of sandpaper) that the pipes, fluorescent lamp backplanes, djectrodes.
and power strip case were earthed. Those corresponding nodeyata was taken for the target passing through a detection
in Figure 18 were shorted to earth. On the other hand, theld 7.2 m long positioned symmetrically about the center of
cabinet was not connected to earth and was therefore modegjgsl lamp (along the black line on the floor in Figure 16(a)).

in Figure 18 as a floating node. This path was chosen to correspond to the simulated path
Some of the capacitances in Table V do not effect the simgescribed in Section V-D.

lated results depending on the connections between referen Exactly 37 data points were taken from each pass in the
potentials. For instance, the capacitance between theleaek experimental setup in order to ease the comparison to the
and the floor is irrelevant when both the backplane and tBgnulated data. At the sampling rate of 13.75 sps, 37 data

floor are taken to be connected to earth. samples took approximately 2 seconds. Some trial and error
_ _ was necessary to acquire data that was situated symmigtrical
D. Simulation Procedure about the time axis in the resulting output plot. The exper-

The simulation was conducted using the Fast€apodel imental offset was measured as the value of the first data
in Figure 13. The simulated capacitances were inserted ifoint taken from the sensor (corresponding to the case when
the target is not well within the detection field). That offse
“In the LTSPICE simulation, the triangular ground symbol deiigalent to was subtracted from all of the experimental data EXper’[men
any node labeled “gnd.” ’

8Shorting the ballast common to earth required that the Lilityufeed to setup parameters 'n.CIUd!ng passive component values éor th
the ballast be isolated. sensor are summarized in Table VII.

12
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TABLE VII: Experimental Setup Parameters.

c
Phase Ref Elect.
Earth, gnd, Common

Experimental Parametef Note / Value
Ry 0 10 MQ
Cf1’2 7.5 pF
Ry3 200 k2
Cys 660 pF
f 50 kHz

Integrated as Trace in Ballagt
Explicitly connected

Electrode Depth 14.5 cm
Electrode Spacing 98 cm
Lamp Height 2.28, 243, 258 m
_—7¢/ _ Target Height 183 m
e — fm |
<= ’., from the SPICE .log files and generating the plots in Figure
— : 17 can be found in reference [7].
g\ The system model in this section was presented “as-is” with
- ] | little or no simplification. That is, the intent was to inckudll

' of the capacitances between all of the conducting nodesin th

i Power Strip

system as a starting point for a working model. Undoubtedly,
accurate prediction is possible without considering athaise

(a) A photograph of the experimental setup.

(b) A close-up photograph of the hanging lamp sensor.

Fig. 16: Photographs of the hanging lamp experimental setup

F. Model Evaluation

capacitances. Moreover, the simulation likely discountne
capacitances that may influence the sensor response.yfinall
the limitations of the lumped-element capacitive model de-
scribed in Section II-D should be considered when evalgatin
the model presented here.

G. Effective Capacitive Sensitivity

From the lamp sensor response in Figure 17, and the simu-
lated capacitances taken from Fast@athe sensitivity of the
lamp sensor to changes in capacitances (effective cagaciti
sensitivity) can be inferred. Table VIII, shows the capauies
that vary with the target for two different simulations. Tiirst
column shows capacitances for the target positioned 40 cm to
the left of the left end of the lampxz(= —100 cm). The
second column shows capacitances for the target positioned
20 cm to the left of the left end of the lamp & —80 cm).

The third column shows the change in those capacitances. In
the lampsensor output plot of Figure 17, this corresponds to
a change of at least 10 mV. Compared to typical noise levels
of about200 uV, like those in Figure 10, a deviation of 10
mV is quite significant. Therefore, based on simulation and
experiment, the lamp sensor appears to easily measureehang
in the capacitances below the lamp on the order of 10's and
100’s of fF.

TABLE VIII: Simulated Capacitance Change:= —100 cm
to x = —80 cm.

Figure 17 shows three comparisons between measured data Backplane-Target

Capacitance z=—-100cm | z = —80 cm | Change
L. Source-Target 214 fF 266 fF 52 fF
R. Source-Target 100 fF 133 fF 33 fF
L. Electrode-Target 394 fF 475 fF 81 fF
R. Electrode-Target| 116 fF 144 fF 28 fF
13.2 pF 13.8 pF 600 fF

Cabinet-Target 3.6 pF 3.0 pF 600 fF

taken from the lamp sensor and simulated data taken from the
circuit in Figure 18. The three plots in Figure 17 correspond
to three different lamp heights, 2.28 m, 2.43 m and 2.58 m
measured between the floor and the bottom of the bulb surfaces

VI. CONCLUSION

in the experimental setup. They show good agreement amond\ retrofit sensor system for fluorescent lamps was presented.
the simulated and experimental data. Scripts for extrgatata A “balanced” measurement technique along with the use of



synchronous detection yielded a detection range of 10 ft. A

lumped element capacitive model was presented and evaliir

addressed the entire signal conditioning system includin
circuit model of the front end amplifier. The resulting full-

up2
er Right

C halfbulb.qui 1 0.612—0.0825 0

ated in simulation using Fastcap and SPICE. That simulation

*Group3
ngower Left
C halfbulb.qui 1 0.007—0.0825 0

system model should be a useful starting point for furthéfper rignt

C halfbulb.qui 1 0.612 0.0575 0

research and development.

Given a fluorescent lamp that can autonomously sense 0cGin "eiectrode 0762 - 3in. 0.1524 = 6 in.

pants, each lamp could be made to control its own brightnest
based on those measurements. Retrofitting a space or am eatif

C electrode.qui 1 0.12-0.127 0.1524
€85ups

ht Electrode

ectrode.qui 1 1.10-0.127 0.1524

bUIldIng W|th SUCh “aUtO'dimming” |ampS WOUId Create anGroup7: Lamp Case and other conductors that will be earthed
.. . b
efficient and self-expanding autonomous energy managemes

network. Moreover, implementing a cost-effective wirsles
link for communication between auto-dimming lamps would
expand the possibilities for intelligent control of the lasnas
well as other loads. Lighting would be controlled on as fine-
grain a scale as is possible, virtually eliminating ligigtiof

unoccupied spaces.

APPENDIX
A. FDA Model Netlist

.param ad = 2.794e6

.param ac = 8771.5

.param Zf = 423e3

.paramAZf = 0.0

.param delZf ={AZfxZzf}

.param zfl ={zf + 0.5«delZzf}

.param Zf2 ={zZf — 0.5«delZf}

.param nomZzZf ={(zf1+zf2)/2}

.param Zind ={(2xnomzf/(1+ad))+(aedelZf/(2x(1+ad)))}
.param Zinc ={0.5xnomZf}

R3FDA NOO1FDA edp {0.5+Zind}
RA4FDA edm NOO2FDA {0.5+Zind}
R5FDA ecsource ec{Zinc}
Vpdummy + NOO1FDA 0O
Vmdummy — NOO2FDA 0

Bedp edp ec V = 0.5(i(vpdummy)+i(vmdummy)} (1/(1+{ad}))*(—0.5«{delZf}
—0.5«{nomZf}+{ac})
Bedm ec edm V = 0.5(i(vpdummy)+i(vmdummy)y (1/(1+{ad}))*(—0.5+{delZf}
—0.5«{nomZf}+{ac})

Bec ecsource gnd V=-0.5«{delZf}x(i(vpdummy)—i(vmdummy))0.5

Bvodp vopfda vocfda V = 0.5(i(vpdummy)+i(vmdummy)} 0 .5+(—{ad}+{delZf}
+{ac}+{nomzf})/(1+{ad})+(i (vpdummy)—i (vmdummy))} 0 .5« (2« ({ad}/(1+{ad})
)x { nomzfi—{ac}+{delZf}/(2+(1+{ad})))

Bvodm vocfda vomfda V =—0.5+(i(vpdummy)+i(vmdummy)} 0 .5+(—{ad}{delZf}
+{ac}x{nomzf})/(1+{ad})+(i (vpdummy)}—i (vmdummy) )0 .5+ (2+({ad}/(1+{ad}))
«{nomzfi—{ac}={delZf}/(2+(1+{ad})))

Bvoc vocfda gnd V ={Vocm}

B. General SPICE Parameters

+++ General Parameters*
.param Vs = 200

.param fcarr = 50e3

.param stoptime = 1(/fcarr}

*xx Signal Source Modekxx
.param Vstrong ={Vs/2}
.param Vweak ={Vs/4}
.param Vend ={Vweak}

.param Vsupp = 6
.param RLP = 10
.param CLP = le6

ERERA AR A A AR AR IR S —

.measure Vout RESULT = avg(V(voutp,voutm)) from 150u to 200

C. FastCaf® Example list File (abridged)
nodel . | st

*G model.lst
*Syntax is "C objectfile.qui rel.perm xorigin yorigin zorig”

*Groupl
«Upper Left
C halfbulb.qui 1 0.007 0.0575 0

C middlepart.qui

C middlepart.qui

ckplane.qui 1 0-0.127 —0.07+
eplane.qui 1-0.011 —0.127 —0.07+
C sideplane.qui 1 1.221-0.127 —0.07+
middlepart.qui 1
middlepart.qui 1
middlepart.qui 1
C middlepart.qui 1 0.63—0.05 —0.05+
1
1

0.03-0.05 —0.05+
0.23-0.05 —0.05+
0.43-0.05 —0.05+

0.83-0.05 —0.05+
1.03-0.05 —0.05+

C fixedlamps.qui 1—0.47 —1—0.22+
C fixedlamps.qui 1 1.85—-1 —0.22+
C powerstrip.qui 1 0—1.2 1.5+

C pipe.qui 1—2.5 —0.1 —0.45+

C duct.qui 1 1.25—4.0 —1

*Group8
+*Human Centered when x = 0.640.1 = 0.51
«C target.qui 1 0 0 1

C head.qui 1 —1.4 —0.050 0.625+
C torso.qui 1 —1.4 —0.225 0.90+
C legs.qui 1 —1.4 0.024 1.56+
C legs.qui 1 —1.4 —0.15 1.56
*Group9

*Unmovable floating conducting objects: "cabinetfor short
C cabinet.qui 1—-2.1 —1.7 0.4

*Group 10
+*Floor or whatever is under the floor
C bigfloorpart.qui 1—3.5 —0.5 2.48+

C bigfloorpart.qui

—3.5 0.0 2.48+

1
C bigfloorpart.qui 1—3.0 —0.5 2.48+
1—

C bigfloorpart.qui

(1]

(2]

(31

(4]

(5]

(6]

[7]

(8]

El
[10]

[11]

[12]
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3.0 0.0 2.48+
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Fig. 17: Plots of simulated and measured lamp sensor output
data for various lamp heights.
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Fig. 18: A SPICE simulation of the capacitive model, FD tiamgedance amplifier front end and the signal conditioning

electronics.



