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Frequency-Based Current-Sharing Techniques for
Paralleled Power Converters

David J. Perreaultvember, IEEE,Robert L. Selders, Jr., and John G. Kassakfatlow, IEEE

Abstract—A new current-sharing technique for paralleled each cell generates a signal proportional to its output, the volt-
power converters, which is based on frequency encoding of agge on the interconnection bus is the average (or maximum,
the current-sharing information, is introduced. The approach o0y of the individual signals. For ac-output converters, the

has significant advantages over existing methods, including . . . b f isolated f
the ability to transformer isolate or eliminate current-sharing INt€rconnection may sometimes be transtormer isolated from

control connections. Operation of the current-sharing technique the local cell control circuits [14], [15]. However, for many
is analyzed, and the design and experimental evaluation of a applications, transformer isolation cannot be employed using

three-cell prototype system are presented. conventional methods since the current-sharing information
Index Terms—Cellular, current sharing, load sharing, modular, has frequency content down to dc.
parallel. Approaches exist where current-sharing information is com-
municated implicitly via the output, and no additional inter-
I. INTRODUCTION connections among converter cells are required. For paralleled

constant-frequency inverters, load balance can be achieved by

OWER_conversmn syst_ems are sor_ne'umes CorlStrUCtecjimt)lementing a frequency and voltage droop characteristic
paralleling converters in order to improve performan

liabilit 1o attai high ¢ i A desi bﬁ% each cell output. This technique, which is also used to
or reflability or 10 attain a high system rating. A desira ?egulate the power output of paralleled generators in an ac
characteristic of a parallel converter architecture is that t% pply system, basically employs the ac bus voltage and

individual converters share the load current equally and stab, Vequency to communicate power-sharing information among

e s e ol oo e contolers 1), [25]. Unfotunatl, e compley and
coqst of the approach limits its use to relatively large inverter

controlled. Many parallel converter systems use some form . ;
yPp Y cells. The dc-output power supplies sometimes use output-

global control in which a single, possibly redundant, controller o .
directly regulates the load balance among the individual Covgltqge droop charactensnps tq ach|eve. a degree of purrent
verters [1]-[10]. However, to enhance modularity and improvse aring [9], [26], [27]. While simple, this approach yields

reliability, it is more desirable to have the load-sharing contrgleavy load regulation in the output and steady-state current

distributed among the converters. This is especially true W_Il?z!ances, Whl_cf; adre often unaccepf)table. q in-based
cellular converter architectures in which large numbers of IS paper ntroguces a new firequency-domain-base

quasi-autonomous converters, calleells are paralieled to method for encoding and distributing current-sharing informa-
form a large power converter [11]-[13] tion among cells. This new scheme has significant advantages
In order to implement a distributed load-sharing schem@Ver existing methods,'particularly with respect to reliability.
only a very limited amount of information needs to be shardjoPerates in the following manner. Each converter cell gener-
among the individual cells. For example, given informatioft€S @ (typically sinusoidal) signal whose frequency is related
about the average cell output current, each cell can regulate!ftdhe average output current (or power or other variable to be
output to be close to the average [14]-[21]. Other quantitié%gmated) of the cell. The signal frequency range used can be
valid for the ensemble of converter cells can also be usefdely separated from the fundamental output frequency of the
including rms cell current [22], weighted cell current stressOnverter system. The signals from each cell are summed, with
[23], and highest cell current [24]. the result available to each cell. Each cell employs a frequency
Load-sharing information is most commonly generated afgtimator circuit to calculate a weighted average. of the
shared over a single interconnection among converter ceff§quency content of the aggregate signal. Each cell can then
Typically, the interconnection circuit is designed so that whegPmpare its own generated frequengy to the weighted
averagew.s; and adjust its output to make, ~ w.s. With
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Fig. 1. An approach for calculating the weighted rms frequency estimate of the aggregate signal. This approach is easily implemented in analog
or digital hardware.

single-point failure mechanisms which, in the worst case, carhere the;,'s are weighting coefficients for different frequen-
bring the entire converter system down. Elimination of singleies. For equal weighting, thg.’s can be considered equal to
point failure modes is a key design objective for achieving single (arbitrary) constant. The power spectrunx@f is

fault tolerance in distributed converter architectures [28]. We N

will show that with the frequency-based approach, current- Sp(w)=2r Z 1|Xk|2[6(w —w) + 6w +wr)] @)
sharing information can be encoded at high frequencies and k=1 2

distributed over the output or input bus, making additionglhere we have assumed that all of thg(t)'s are at sep-
control interconnections among cells unnecessary. Alter@ate frequencies. The violation of this assumption affects
tively, if separate interconnections for current sharing are usgfle weightings in the rms frequency estimate, but does not

they may be galvanically isolated using small high-frequengyterfere with the overall operation of the current-sharing
transformers. Thus, the frequency encoding method alloWsstem. The rms value of(¢) is then

improvements in reliability and availability by eliminating the
failure modes associated with direct interconnections among 1 [T
Lrms = 2_/ Sm(UJ) dw
™ —o0

the control circuits. (3)
This new control design has other potential advantages. In

conventional schemes, current-sharing information is encodédve pass the signak(¢) through a filter with frequency

and distributed at low frequencies (typically down to dc). Withesponsef (w) to form a signaly(t), we find the new signal

the frequency-encoding approach, the designer can selectifid has the properties

frequency range over which current-sharing information is N

communicated and can use this design freedom to achievg,(w) = 27rz §|H(wk)|2|Xk|2[6(w —wi) + 6w + wy)]

objectives such as noise minimization. Furthermore, with the k=1

frequency-based method, the aggregate current-sharing signal (4)

contains information about the total number of converter celighd

and theirindividual output currents in addition to information | oo N

about the average output of the converters. This may havg, . = \/_/ Sy(w) dw = Z |H(wp) 2| Xe2. (B)

some benefits for system monitoring and fault detection. 27 J oo =1

Now, consider the estimator implementation shown in
1. FREQUENCY ESTIMATION Flg 1. If we choose the fllterH(w) to be a differentiator

To reduce this new current-sharing approach to practiceO\éler the encoding frequency rangél(w) = jw), we find

means of estimating an average frequengy from the aggre- that the ratio of the rms vallue of(#) to the rms va]ue of
gate signal using simple inexpensive circuitry is needed. Maf t) has the form of _the desired rms_frequency e_s_tlmate (l.)’
different types of weighted estimates and estimator structu Eh the signal magnltudes_ as the weighting coefﬂ_ments. This
are possible. This section considers the implementation foS‘%" means that th? deglred rms frequency gstlmate can he
an rms frequency estimator although other frequency-bagg@fily computed using simple analog or digital hardware.

estimation and control schemes exist which are also well suitt§e 'Ms frequency estimate can be calculated with analog
to the task. circuitry using two (integrated circuit) rms-to-dc converters,

Consider the aggregate current-sharing sigr@), which & differentiator, and a divider. Alternately, the estimate can
is made up of a group ol sinusoidszy(t) of frequencies be computed digitally by sampling(t) and performing the
wi, k = 1,---,N. The frequency of an individual sinusoig€duivalent calculations in software. These results have been
encodes information about the output current of a particuldprived for computations on fixed-frequency signals over all
cell, while the rms frequency of the aggregate signal can HB'€. However, computation of these rms quantities over
used to effect current-balancing control. The weighted rnsSliding window allows the frequency content (and hence

frequency for all of the sinusoids is defined as the current-balance information) to be tracked over time.
~ Appendix A addresses the use of practical rms-to-dc converters
> he1 R for this purpose and shows the effects of the averaging time
Wrms = o (1) constant of the rms-to-dc converters on frequency resolution
Y > k=1 Ck and response speed.
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Fig. 2. Schematic of the isolated single-connection implementation of frequency-based load-sharing control.

We conclude from these results that if the individual cells

lou

encode information about their output current in the frequendy X C°3§T{‘er ‘l?—‘ Iﬁﬁfgr/
of a signal, then information about the average output of all |—-1/m Ok | Pert | |; wher
the cells can be easily extracted from the aggregate signal Gen | 7 cells You
with very simple hardware. We now employ these results to
implement the new frequency-based current-sharing scheme; -— éiﬂﬁ‘& Freq

Estim

lll. 1 MPLEMENTATION APPROACHES oer

cells

To implement load-sharing control using the frequenadyg. 3. Schematic of the output perturbation implementation of fre-
encoding method, the signals from the individual cells amency-based load-sharing control.

summed at a node, and the sum is accessible to all the cells.
There are several ways to do this. We will consider three

. . . . . ; Converter | 1o Load/
of them: 1) the isolated single-connection implementation; 2) 1 Cell 4‘39‘ Fﬁfe,
the oquut perturba}tlon implementation; and 3) the switching Switching I wher v
ripple implementation. Freq Control cells
A. The Isolated Single-Connection Implementation ref .| i Share Freq

. . . . . adj Control Estim
The isolated single-connection implementatiorshown

other

in Fig. 2, communicates current-sharing information over cells

a dedicated bus, similar to existing smgle-conr?e_ctlo[qg' 4. Schematic of the switching-frequency implementation of fre-
approaches [14]-[21], [23], [24]. Each converter cell inject§iency-based load-sharing control.

onto the current-sharing bus a signal whose frequency is

related to its output current. The cell measures the aggreg
signal on the bus to determing... and control current

balance. Transformer isolation can be employed beca v at h " 1L with no int I i ;
there is no low-frequency content to the current-sharingcd"y &t €ach converter cell, with ho intercell connections for

signals. Transformer isolation reduces the possibility thgyrrent sharing. No additional power processing components

a single-point failure can damage the whole system via tRE Sensors are nee?]ed to cong)mum;a?e theldcurrent—sha_nrl]g
current-sharing connections. Furthermore, this approach"?%?rm",’mon across the output bus. 1S yields a poantla
iability advantage over systems which require additional

advantageous for systems in which the converter contfdl

circuits do not share a common ground, such as isolat@ﬁ?LconneCt'??ﬁ' tout bus t icat t-shari
converter cells supplied from different power sources. . € use of the oulput bus to communicate current-sharng
information has other interesting characteristics. For example,

conditions which disrupt the distribution of current-sharing
information (such as output short circuits) generally cause
The output perturbation implementatioshown in Fig. 3 enough of a voltage error to drive all of the converters to
uses small sinusoidal perturbations in the cell output curremtg| current, making current Sharing temporar”y unnecessary.
to encode current-sharing information. Each cell computesirthermore, faults in an individual cell which cause it to be
an estimate (using the same method as the isolated singlfoved from operation (such as by the output fuse blowing)
connection implementation) of the average output of all cellytomatically prevent it from affecting current sharing among
from the resulting aggregate perturbation in output voltagghe remaining converter cells. These characteristics yield a
which is locally measurable by each cell. This information igurrent-sharing approach which is potentially very robust. The
then used to achieve load balance among cells. The pertgajor challenge to implementing the approach is the selection

bation frequency range is typically selected to be well abog an appropriate perturbation magnitude and frequency range.
the output-voltage control bandwidth of the system, but well

below the switching frequency. The needed perturbations in o ) i

output current are easily generated in converters under currént- 11 Switching Ripple Implementation

mode control, and only very small perturbations in output The switching ripple implementatioshown in Fig. 4 is
current (and voltage) are necessary to communicate curreitnilar to the output perturbation method, except that the

aﬁge . . L .
sharing information. The output perturbation implementation
ieves current balance control using only variables measured

B. The Output Perturbation Implementation
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Fig. 5. Block diagram of the control structure for a cell.

switching ripple of the cell is used as the perturbation souramethods and circuits for generating the proper perturbation
Each converter cell is controlled such that its average outgignals, estimating the rms perturbation frequency from output-
current (or some other variable to be regulated) is directiypltage measurements, and controlling the load balance among
related to its switching frequency. Each converter can localbells.

measure the aggregate switching harmonics at the output an@he structure of an individual cell implementing the pertur-
use the information in the switching harmonics to achieve lodxtion method is shown in Fig. 5. The converter cell power
balance with the other converter cells. This approach has #tage generates an output current whose peak value is equal to
benefit that no additional ripple is injected into the outpuhe peak commanded currept.q. The commanded current is

to encode current sharing information, and the informatidhe sum of a reference currefjty, generated by the output-

is communicated at the switching frequency (i.e., with higtoltage controller, and a perturbation sigrigl.;, generated
bandwidth). by the perturbation generator circuit. The output-voltage con-

Controlling the switching frequency of the converters ifoller generatesi,.s based on the difference between the
typically straightforward. For many converter types, there mutput voltagev.; and the reference voltagg.;. The load-

a natural relation between switching frequency and contrstharing controller adjusts..; based on the difference between
variables such as output current. Converter control strategibe local perturbation frequency and the rms perturbation
which do not exhibit such a relation can often be modifieflequency calculated by the frequency estimator circuit. These
to achieve it. For example, such a relationship can be irmubsystems operate together to regulate the output voltage
plemented in fixed-frequency pulsewidth modulation (PWMyhile maintaining the desired load balance among cells.
converters by modifying the clock frequency as a function of
output current.

Estimating an average value for the current (or frequency,'g‘r
other control variable) from the aggregated output harmonics isA three-cell low-power buck converter system was con-
a more delicate task. Because the switching harmonic contéfiticted as a test bed. The buck converter cglls €& 200
of a single converter operating at any frequency/current k&iz and . ~ 125 mH) are designed to regulate the output
known, information about the average can clearly be extractédan adjustable reference of approximately 5.1 V from an
from the output voltage. However, the existence of (possibigput voltage of approximately 15 V. The individual cells
large) harmonics of the fundamental ripple current from eaétieé designed to supply a full load output current of 25 mA,
cell makes the estimation task more complicated than thAelding a total load range of 5-75 mA. The system has an
for the output perturbation method. Nevertheless, we haetput filter capacitance of 0.33F and is resistively loaded.
managed to verify that for some converter types it is possible toThe individual cells are operated under current-mode control
estimate the rms output current directly from the net switchingging the UC3843 current-mode control chip. The internal
ripple using only locally measurable variables [29]. Furthegurrent-sense comparator and error amplifier are overridden
more, some very simple estimation and control structures exagtd replaced with external circuitry to allow direct control of
which are insensitive to harmonic components and are tHir¢ commanded peak turn-off curreif,q.
well suited to the switching-ripple implementation [30].

Prototype System Power Stage

B. Perturbation Generation

IV. PROTOTYPE SYSTEM The prototype perturbation generator circuit implements

A low-power three-cell prototype converter system using tren incrementally linear relationship between cell reference
output perturbation method was constructed. Here, we descridogrent and perturbation frequency, with cell currents from
the implementation of the prototype system, which employ® load to full load yielding perturbation frequencies from
low-power buck converter cells operating under current-mo&eto 10 kHz. The perturbation frequency range is selected
control. In simplest terms, each cell can be viewed as havitg be well below the 200-kHz cell switching frequency, but
an inner current control loop, a middle voltage control loopyell above the output-voltage control bandwidth of the system
and an outer load-sharing control loop. Implementation of tlfe. 100 Hz). The perturbation magnitude is selected to be
outermost loop with the perturbation method requires that egatoportional to the perturbation frequency, with a maximum
cell encode information about its current onto the output (viaraagnitude of approximately 0.25 mA at 10 kHz. This is done
perturbation generator) and decode the aggregated informationyield output-voltage perturbations (across the capacitive
from the output (via a frequency estimator). We will describeutput filter), which are approximately constant in magnitude
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across frequency. The selected magnitude range yields veryoad balance among cells is controlled by adjusting the
small (<1%) output-voltage ripple for the three-cell system.local cell reference voltages within limits about a base value.
The perturbation generator is implemented using an XR228&ch cell has a high-gain single-pole compensator (&al

monolithic function generator, which contains a voltagev/kHz andr = 33.6 s), which generates a reference voltage
controlled oscillator (VCO) and sine-wave-shaping circuitryadjustment based on the difference between the estimated rms
The VCO input allows control of the perturbation frequencyperturbation frequency and the cell perturbation frequency
and an amplitude modulation input allows easy control @Fig. 2). This yields a load-sharing bandwidth on the order
the perturbation magnitude. The generated perturbation sigoalhertz (much slower than the voltage control loop) and a
is superimposed on the reference current, and the resulisisall, but nonzero steady-state load-sharing error.

supplied to the current-mode PWM controller.
V. EXPERIMENTAL RESULTS

C. Frequency Estimation Here, we evaluate the new load-sharing control approach

§_ing a three-cell prototype system of the presented design.

To achieve load balance, each cell compares its own per%ﬁlg 6 shows the load-sharing behavior at approximately 60%
bation frequency to the rms of all the perturbation frequencies>" ) ) . . 0
a Y P d d both with and without the load-sharing control. Without

The rms perturbation frequency is estimated from the outpl(,?lf”1 . A .
voltage using the structure of Fig. 1, with(w) = jew. The load-sharing control, a 3:2 imbalance between the highest

estimator is composed of four sections: 1) a bandpass filteril d lowest Cf" currents IS obdserve(zlj,_ with mtl;]ch_w(;)_rs_g |rr|1ball-|
stage; 2) a gain and band-limited differentiation stage; CES somelimes occurring depending on the individual ce

an integrated circuit rms-to-dc conversion stage; and 4)r ference voltages and output impedances. With load-sharing

division stage. The bandpass filtering stage is implement(é(&ntm" the cell currents are all balanced within 3% of their

as a cascade of a second-order high-pass Butterworth fil&yerage. (We point out that the perturbation method yields

a fixed gain, and a second-order low-pass Butterworth ﬁlt&gcurate load-sharinggardlessof how the cells share current
' thout active control.) This high degree of load sharing is

The corner frequencies are set to 500 Hz and 20 kHz W . 0 . .
order to block out both the low-frequency and switchin achieved using only very smak(l%) perturbations in output

frequency components of the output voltage. The differe angeStohenCO?r? cutrrtgntl—shgrlr;g |_nfortr)n :;:tlop (F'?'ﬂ? )- N
tiation stage consists of a band-limited differentiator circuit 'g. © Shows the stalic load-sharing behavior of the system

which generates the derivative for frequency components(mer the whole Iogd_range, while Fig. 9 shows the load
the range of interest, but is gain limited above approximatel gulation characterls'_uc O.f the converter system over the load
50 kHz to limit the amplification of high-frequency noise4"9€: The load sharing is quite good over the entire range,

The rms-to-dc conversion stage is implemented using AD6§17I'[ is better at heavier loads both in absolute terms and as a
integrated circuit rms-to-dc converters connected in the pwiEreent of total current. (We point out that while good current

pole Sallen—Key filter arrangement. The averaging and filtapa”n_g Is desirable over the whole load range, it is much
capacitor values@sy = 0.022 1iF andCs = Cs = 0.047 1iF) more important at heavier loads, where the cells are under
are selected to ﬁ\éld a' 1% settling 2time 30f 8' ms. whic igher stress.) Current sharing limitations are primarily due to

represents a reasonable tradeoff between frequency resoluli§haccuracy of the frequency estimators and the perturbation

and response speed (see Appendix A for an analvsis of tHEnerators. The frequency estimator circuits have an ab;olute
P P ( PP y agcuracy of aboutt:250 Hz over the 5-10-kHz range, which

tradeoff). The division stage is composed of a four-quadral

multiplier placed in the feedback path of an operation rreSpondS to ag a?stolute cutr)rent error of ab'b.nﬁ.?. mA;.

amplifier. This approach is typically less expensive than t IS maximum absolute error becomes more significant as a

use of a logarithm-based division circuit, but requires car@ereentage at lighter loads. Furthermore, the estimators tended
' 9 be more accurate at frequencies above 8 kHz, leading to

ful attention to the compensation of the nonlinear feedba .
loop. The division stage also incorporates an output SCgllgaller absolute errors at heavier loads. Nevertheless, these

and offset compensation circuit for improved accuracy. TH, stu!ts gemonstrat_z thlat 3ccurate s_if;\]tlfh_current Shi”ng can be
prototype estimator employs only simple low-cost circuitr)9 aineéd over a wide load range wi IS approach.

and has sufficient accuracy to achieve a high degree of curren oad-sharing behavior was also investigated under transient
sharing conditions. Fig. 10 shows the current-sharing behavior for load

steps between 681 and T4 corresponding to approximately
. 10% and 100% of full load. (Fig. 11 shows the frequency
D. Control Design spectrum of the output-voltage perturbations used to achieve
For the parameters of the prototype system, an individuadrrent sharing at these load values.) The current-sharing
cell under peak current-mode control can be modeled adhehavior is seen to be very stable for even large load steps.
controlled current source of the value of the peak commandEeid). 12 shows the response to a current-sharing disturbance
current. To achieve output-voltage control, a high-gain singlésr two cells operating at approximately 30% of full load. The
pole compensator (Gaia 125 and mA/V, 7 = 0.18 s) is used dynamic response to current-sharing errors is also seen to be
to generate the peak control current from the error between thell behaved. What may be concluded from these results is
reference voltage and output voltage. This yields an outptitat the presented output perturbation method can be used to
voltage control bandwidth on the order of tens of hertz andaghieve accurate static and dynamic load sharing without the
small, but nonzero cell output impedance. need for additional interconnections among cells.
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V1. CONCLUSION quency encoding of the needed information. The current-

This paper has presented a new method for achieviaaring approach has been analyzed, and different implemen-
current sharing among paralleled converters, based on ftation methods have been described. We have shown that
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the new approach has significant advantages over existmgan square of a signgt) with respect to a weighting (or
methods, including the ability to galvanically isolate or elimwindowing) functionw(t) as
inate the current-sharing connections among cells and the

freedom to select the frequency range over which information _ ffooo [w(r)f(7)]? dr 7
is communicated. The design of a low-power experimental Forms = 2 w(r)?dr ()

prototype has been presented, along with experimental results

demonstrating the practicality of the method. This convertéor the conventional mean-square valfigs, we use the

system achieves very accurate current sharing using veygighting function

simple load-sharing circuitry and with no additional intercon-

nections among cells. wr(r) = {1, -Z< T< z ©)
In conclusion, we would like to point out that other ap- 0, otherwise

proaches to current sharing are possible which are similar _ . .

to those presented here and share some of the same ad\a}gg_take the limit ad" — oo, which yields

tages. For example, encoding and communicating current- 1 /%

sharing information on thamplitudesof fixed-frequencyand fms = lim — / f(r)*dr. 9)

phase) signals can be employed to achieve galvanic isolation T=oo -Z

of cur_rent—shar!ng control circuits. Alternatively, frequen.cy Now, consider calculating the “computed mean square” of
encoding of variables other than current or use of other estima- . . . ) L
: . ; a signal f(¢) using a first-order Butterworth filter with time
tion and control structures may sometimes be desirable. It maL%/ tantr . This filter h . |
be expected that frequency encoding and similar approacheg pstantry. This Tilter has an impuise response
current sharing will have advantage whenever fault tolerance 1

i iahili i i h(t) = —e™Tu(t) (10)
and high reliability are important system requirements. -

which yields a computed mean square fgt)

APPENDIX A _ g2
RMS-T0-DC CONVERSION fems(t) = f1 (1) t* h(t)
This Appendix addresses the application of practical rms- = T—/ elm/m f2(r)dr
to-dc converters to the computations outlined in the paper. 11 -z
Most integrated circuit rms-to-dc converters either explicitly = _/ [T/ @Oyt — ) ()P dr. (12)
or implicitly calculate the rms of a signgl(¢) as Tl J—co

Examining the form of the last line of (11), it is easily
fems(t) = VLPF{f2(¥)} (6)  shown thatf....(¢) is equivalent to the weighted mean-square

computation (7), with weighting function
where LPF denotes a low-pass filtering operation, typically

using a first- or second-order filter. We will focus on the effects we(r) = T/ Gyt — 1), (12)
of computing the mean square using this technique—the rms
value is merely the square root of this. We define the weight@tie fact that the weighting function is zero for valuesrof
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We now consider practical computation of the mean square
using the weighting function of (12), which has the transform

2 eIt

W,(jw) = ¢~
Ue) =T 5omw

(14)
wherer is treated as time andis a constant parameter. The
magnitude of this weighting function frequency response is
plotted in Fig. 13. From this, we see that the effect of the
weighting function is to “smear” the spectral contentft(fjw)

by an amount depending on,. There will be significant
overlap and loss of resolution among spectral components of
F(jw) which are closer than roughly/r, to 5/7; apart. The
spectral smearing caused by the weighting function affects
the computation of the mean square and limits the frequency
resolution of a practical estimator.

Thus, practical rms-to-dc converters of the type (6) allow
changes in spectral content to be tracked across time, while
limiting the frequency resolution of the computation. Both
tracking response speed and frequency resolution are con-
trolled by the filter time constant; and must be traded off
against one another in the design process. Similar design issues
can be expected to arise in other approaches to the problem,
such as with the use of higher order filters or with discrete-time

1 [
T

Fig. 13.
(12).

Frequency response magnitude plot for the weighting function of

(1]

greater thart makes physical sense since computations in the
actual circuit can only be based on past values of the inpu#l
signal. This weighting function places a weight of one on the
present value of the input signal, with weights for past time$3]
decaying exponentially to zero with time const&mt. Thus,
the longer the time constat;, the more heavily the past [4
values of the input signal are weighted and the slower the
system responds to changes in the input. [5]

The impact of computing the mean square as in (11) can also
be examined from a frequency resolution point of view. This
is important since mean-square computations in the frequency-
encoding method are typically made on signals composed
of closely spaced discrete frequency components. Applying]
Parseval’s relation to (7), we find

[8]

= —1 = K 02
fwms — (27T)2Ew /_Oo |W(Jw) * F(Jw>| dw (13) [9]
) . L ) [10]
where E,, is the energy in the weighting functiom(#).

From the frequency domain point of view, the mean square
reflects the true content of'(jw) to the extent that its (14
content is not changed by convolution with(jw). The
Fourier transformation of the conventional weighting functioti2]
from (8), Wr(jw), is a sinc function with mainlobe width
Aw = 27 /T. Thus, the conventional mean-square calculatiqng]
accurately reflects the spectral content f{f) to within a
resolution of approximately2r/7" and resolves frequencies[14]
with arbitrary accuracy a§ — oo.

implementations of the mean-square computation.
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