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Superluminal effects and negative group delays in electronics, and their applications

Daniel Solli and R. Y. Chiao
Department of Physics, University of California, Berkeley, California 94720-7300

J. M. Hickmanr
Departamento de Bica, Universidade Federal de Alagoas, Cidade Univergite57072-970, Mac€ioAL, Brazil
(Received 15 June 2002; published 12 November 2002

The causality principle does not forbid negative group delays of analytic signals in electronic circuits; in
particular, the peak of a pulse can leave the exit port of a circuit before it enters the input port. Furthermore,
pulse distortion for these “superluminal” analytic signals can be negligible in both the optical and electronic
domains. Here we suggest a possible extension of these ideas to microelectronics. The underlying principle is
that negative feedback can be used to produce negative group delays. Such negative group delays can be used
to cancel out the positive group delays introduced by transistor latency, as well as the propagation delays due
to the interconnections between transistors. Using this principle, it may be possible to speed up computer
systems.
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[. INTRODUCTION that causality is solely connected with the occurrence of dis-
continuities in a signale.g., “fronts” and “backs”), and not
The existence of faster thamgroup velocities was pre- with the peaks in the voltage waveforr@].

dicted by Garrett and McCumbgt]. The first experimental We believe that these counterintuitive ideas can be ap-
verification was performed by Chu and Wo[®), and later  plied to the design of microelectronic devices. At least two
reproduced in the millimeter range of the electromagnetiqroblems that may be relevant are transistor latghey, the
spectrum by Segard and MacKg]. The former experiment finite RC rise time of metal-oxide-semiconductor field-effect
showed that picosecond laser pulses propagated superluniansistors caused by their intrinsic gate capacitprazewell
nally through an absorbing medium in the region of anomazs propagation delays due to tReC time constants in the
lous dispersion inside the optical absorption line. There argyterconnections between individual transistors. This latter
also experimental results, showing that the process of photogyohlem may become significant as microprocessor circuits
tunneling in quantum physics is superlumii4]. are increasingly reduced in size; in particular, as the transis-

. Eeﬁem og;icgl experr]iments b?/ V".aﬂ?a'- |[5] have veri- 0 syitching time becomes increasingly faster, the propaga-
ied the predictior{6] that superluminal pulse propagation tion delay from transistor to neighboring transistor becomes

can occur in transparent media with optical gain. The_se e relatively longer9].
periments showed that a laser pulse can propagate with little : . . .
The propagation delays of interconnections arise from a

distortion in an optically pumped cesium vapor cell with a o A .
group velocity greatly exceeding the vacuum speed of Iight_comblnatlon of the resistivity of the evaporated metal wire

In fact, the group velocity for the laser pulse in this eXperi_connecting two nearby transistors, and the dielectric constant

ment was observed to be negative. The peak of the outplﬁ’tf the insulatorwhigh supports the intercpnnecting wire. O.ne
laser pulse left the output face of the cell before the peak off the current solutions to this problem is to use copper in-
the input laser pulse entered the input face of the cell. terconnections instead qf alpmlnt(mmch has traQ|t|onaIIy
These counterintuitive pulse sequences were also seen lgen used Another solution is to use insulators with a lower
occur in experiments on electronic CirCU[fE]. The first of dielectric constant to support the interconnecting wires.
these experiments utilized a circuit consisting of an operalhese steps reduce propagation delays, but do not eliminate
tional amplifier with a passiv®LC network in a negative them altogether. Here we suggest a radically different ap-
feedback loop. This circuit produced a negative group delayproach which, in principle, can eliminate these kinds of de-
in which the peak of the output voltage pulse left the outputiays by introducing compensatory negative group delays. For
port of the circuit before the peak of the input voltage pulseexample, it may be possible to eliminate the positive propa-
entered the input port of the circuit. Such a seemingly nongation delay from an interconnect by exactly compensating
causal phenomenon does not, in fact, violate the principle ofvith an equal, but opposite, negative group delay.
causality, since there is sufficient information in the early On computer chips, there is a well-known effect, known
portion of any analytic voltage wave form to reproduce theas “clock skew,” related to the time synchronization of logic
entire waveform earlier in time. Furthermore, it was shownpulses at some final logic gate. If different pulses are routed
through different paths, they will, in general, arrive at differ-
ent times. This deleterious effect prevents the use of higher
*Corresponding author. Also at Department of Physics, Universityclock rates, because extra delays must typically be deliber-
of California, Berkeley, CA 94720-7300. Electronic address:ately added to early arriving pulses, to force all pulses to
hickmann@lognl.ufal.br. arrive simultaneously at the final gd#@]. Our compensation
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FIG. 1. Operational amplifier circuit with negative feedback. B .
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scheme should lead to a path independence for the routing
time of logic pulses throughout the computer system, pro-
ducing a novel solution to the clock synchronization prob-
lem. Since there would no longer be any appreciable delays . . . _ .
for a pulse to propagate from one logic gate to the next, th®ulse is comparable in magnitude to the width of the input
routing time of a logic pulse to a final logic gate could be- PUlSe-

come largely independent of the path taken by this pulse A S€cond experiment demonstrated that causality is not
inside the computer. violated in this process; when the input signal voltage was

suddenly shorted to zero, the output was also reduced to zero
at essentially the same instant. The result is shown in Fig. 3.
Il. GENERAL PRINCIPLES FOR GENERATING This demonstrates that the circuit cannot advance in time
NEGATIVE GROUP DELAYS truly discontinuous changes in voltages, the only points on
A. Negative group delays necessitated by the golden rule for ~ the signal wave form which are connected by causé8ty
operational amplifier circuits with negative feedback However, for the analytic changes of the input signal wave
form, such as those in the early part of the Gaussian input
pulse, the circuit evidently has the ability to extrapolate the
input wave form into the future in such a way as to repro-
duce the peak of the output Gaussian pulse before the input
peak has arrived. In this sense, the circuit anticipates the
rrival of the Gaussian pulse.

FIG. 2. Experimental results showing the pulse advancement.

In Fig. 1, we show an operational amplifier with a signal
entering the noninvertingH) port of the amplifier. The out-
put port of the amplifier is connected back to the inverting
(=) port of the amplifier by means of a black box, which
represents a passive linear circuit with an arbitrary comple
transfer function (). We thus have a linear amplifier cir-
cuit with a negative feedback loop containing a passive filter. g 1o golden rule and the inversion of the transfer function
In general, the transfer function of any passive linear circuit,

such as &R C low-pass filter, will always lead to a positive .
propagation delay through a circuit. Now we shall analyze under what conditions the golden

However, for operational amplifiers with a sufficiently [“'e holds and negative group delays are produced. In Fig. 1,
high gain-feedback product, the voltage difference betweeA(w) denotes the complex amplitude of an input signal of
the two input signals arriving at the inverting and noninvert-frequencyw into the noninverting ¢) port, andﬁ(w) refers
ing inputs of the amplifier must remain small at all times. to that of the feedback signal into the inverting  port of
The operational amplifier must, therefore, supply a signal
with a negative group delay at its output, such that the posi-

of any passive linear circuit

tive delay from the passive filter is exactly canceled out by 5 2R U NREE
this negative delay at the inverting-() input port. The sig- 4 3
nal at the inverting {) input port will then be nearly iden- C k
tical to that at the noninvertingK() port, thus satisfying the ~ 3k E
golden rule for the voltage difference at all times. The net Z F ]
result is that this negative feedback circuit can produce an go 2 F 3
output pulse whose peak leaves the output port of the circuit 5§ Output 3
before the peak of the input pulse arrives at the input portof > 1 F 3
this circuit. : ]
In Fig. 2, we show experimental evidence for this coun- oF Input -
terintuitive behavior in the special case of &LC tuned I F I A A ;
bandpass circuit in the negative feedback 1§8p The peak o 50 100 150 200

of an output pulse is advanced by 12.1 ms relative to the
input pulse. The output pulse has obviously not been signifi-
cantly distorted with respect to the input pulse by this linear FIG. 3. Experimental results showing that discontinuities cannot
circuit. Also, note that the size of the advance of the outpube advanced.

Time (ms)
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R can, in principle, be completely canceled out by the negative
Vi mw I " group delay produced by the active circuit with the sdR@
¢ 7 G(w) V.  element in its feedback loop.
- It is important to note that this negative feedback scheme

places a requirement on the gain-bandwidth product of the
amplifier. For this active circuit to advance the waveform, it

R must have a large gain at all of the frequency components
T A present in the signal. In particular, if we want to counteract a
c particular RC time delay, the amplifier must have a large
I gain at frequencies greater tharRU. This limitation also

o ) ) effectively defines what is meant by an analytic waveform.
FIG. 4. Circuit with theRC filter placed before the negative

feedback circuit. ] ) ) )
C. Kramers-Kronig relations necessitate superluminal

group velocities, and Bode relations necessitate negative

the amplifier. The output sign&(w) is then related to the
group delays

feedback signaB(w) by means of the complex linear feed-

back transfer functiofir (w). The voltage gain of the opera-
tional amplifier is characterized by the active complex lineal
transfer functiorG(w), which amplifies the difference of the
voltage signals at the¥) and (—) inputs to produce an
output signal as follows:

These counterintuitive results also follow quite generally
rfrom the Kramers-Kronig relations in the optical domain,
and the analogous Bode relations in the electronic domain. It
has been provefi0], starting from the principle of causality
and the additional assumption of linearity, that superluminal
group velocities in any medium must generally exist in some
spectral region, and that for an amplifying medium, this
spectral region must exist away from the regions with gain
- L= (i.e., in the transparent regions outside of the gain )ines
Defining the total complex transfer functionl(w)  Negative group delays in the electronic domain similarly fol-
=C(w)/A(w) as the ratio of the output sign@l(w) to input  Jow generally from the Bode relations. Thus, causality itself
signal A(w), we obtain for the total transfer function necessitates the existence of these counterintuitive phenom-
ena.

Cw)=6(0)[A(w)~B(w)]. oY)

- G(w)

__ Y aE(N—[E -1
T(w) L E(0)5(a) F(o)=[F(o)]" " (2

D. Energy transport by pulses in the optical
and electronic domains

The approximation in Eq(2) follows if the gain-feedback | the optical domain, there has been a debate concerning
product is very large compared to unity, i.65(w)G(w)] whether or not the velocity of energy transport by a wave
>1. Thus, to a good approximation, it is possible to invertpacket can exceed when the group velocity of the wave
the transfer function of any passive linear circuit with this packet exceeds In the case of anomalous dispersion inside
negative feedback circuit. This also implies through Bg. an absorption line, Sommerfeld and Brillouin showed that
that the well-known golden ruléd(w)~B(w), holds under the energy velocity, defined as

the same conditions. Equati@®) also implies that the nega-

tive feedback circuit shown in Fig. 1 can completely undo v =@ (4)

any deleterious effects, such as propagation delays, produced ey (u)”

by a linear passive circufivhose transfer function is identi-

cal toE(w)]. wherg(S) is the time-averaged Poynting vector aho is .
The group delay of the negative feedback circuit in thefN® time-averaged energy density of the electromagnetic
high gain-feedback limit is given by wave, is d|ﬁerenF frqm the group veIoc@l,lQ. Although
the group velocity in the region of absorptive anomalous
dargi(w) dard 1E(w)] Qispersion exceeds they predic_ted that the energy velocity
THw) = o~ . is less thanc. However, experiments on picosecond laser

pulse propagation in absorptive anomalous dispersive media
- have shown that these laser pulses travel with a superluminal
dargF (o) group velocity, and not with the subluminal energy velocity
R P S (OR 3 of Sommerfeld and Brillouii2]. Hence the physical mean-
ing of this energy velocity is unclear.

This shows that the positive group delay from any linear When the optical medium possesses gain, as in the case of
passive circuit can, in principle, be completely canceled outaserlike media with inverted atomic populations, the ques-
by the negative group delay from a negative feedback circuittion arises as to whether or not to include the energy stored

In Fig. 4 we show one example, where RIC low-pass in the inverted atoms in the definition dti) [13,14. In
filter is placed before the negative feedback circuit. The posiregions of anomalous dispersion outside of the gain line and,
tive propagation delay ., due to thisRC low-pass circuit in particular, in a spectral region where the group-velocity
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dispersion vanishes, a straightforward application of the 24 —— Active Response
- - - - Delayed Response
— Square Wave Input

Sommerfeld and Brillouin definition of the energy velocity
would imply that the group and energy velocities both ex-
ceedc. The equality of these two kinds of wave velocities
arises because the pulses of light are propagating inside a
transparent medium with little dispersion. Additionally, in
the case where the energy velocity is negative, the maximum
in the pulse of energy leaves the exit face of the optical
sample before the maximum in the pulse of energy enters the
entrance face, just as for negative group velocities.

For an electronic circuit that produces negative group de- 2
lays, the question of when the peak of the energy arrives can 0.0 0.2 0.4 0.6 0.8 1.0
be answered by terminating the output port of Fig. 1 by a Time (ms)

load resistor. The load resistarot shown will be heated up

by the energy in th@utputpulse. It is obvious that the load FIG. 5. V. with (active respongeand without(delayed re-
resistor will then experience the maximum amount of heatsponsg the negative feedback, given the illustrated square wave
ing when the peak of the Gaussian output pulse arrives at thigput.

resistor, and that this happens when the peak of the output

voltage wave form arrives. For negative group delays, the It seems from these data that both RE time constants

load rgsistor wiII. .then heat up earlier than expected. The,oqqciated with transistor gatédke “latency” problem), and
operational amplifier can supply the necessary energy to he e RC propagation delays from wire interconnections can,

up the load resistor ahead of time. H_ence,_ the_neg_atlve groyg principle, be eliminated by negative feedback elements.
and the negative energy delays are identical in this case.

E. Preliminary data demonstrating the elimination of lll. CONCLUSIONS

propagation delays from RC time constants We have experimentally shown that is possible to advance

Using the circuit displayed in Fig. 4, we obtained the data@ l0gic signal in time using a linear amplifier circuit with a
shown in Fig. 5 of the output traces from a square wave inpuegative feedback loop. We performed a theoretical analysis
into an RC low-pass circuit, with(in the active response Of the circuit and elaborated on the necessity of negative
trace and without(in the delayed response tradbe nega- group delays as a consequence of the Bode relations, estab-
tive feedback circuit inserted after it. Clearly, the propagatiorlishing an analogy between the optical and electronic do-
delays on both the rising and falling edges of the delayednains. We also briefly addressed the problem of energy
response tracédue to theRC time constanthave been al- transport. Finally, we claimed that it may be possible to use a
most completely eliminated by the negative feedback circuittype of superluminal effect to compensate for deleterious
There is a ringing or overshoot phenomenon, associated witlime delays in microelectronics.
phase shifts in the feedback loop, accompanying the restora-
tion of these sharp edges; however, this ringing can be re-
duced or eliminated by modifying the output poles of the ACKNOWLEDGMENTS
amplifier. Furthermore, since the CMO@omplementary
metal-oxide semiconductpswitching levels between logic We are indebted to Magnus Haakestad for giving us cru-
states occur within 10% of 0 V for low-level signals, and cial suggestions at an early stage of this work. We also thank
within 90% of volt-level high-level signals, the observed M. Mohajedi for his help. J.M.H. thanks the Instituto do
ringing should not necessarily be deleterious for the purposedlilenio de Informaao Quatica, CAPES, CNPq, FAPEAL,
of computer speedup. PRONEX-NEON and CT PETRO for support.

[1] C.G.B. Garrett and D.E. McCumber, Phys. Rev.1A 305 [7] M.W. Mitchell and R.Y. Chiao, Phys. Lett. 230, 133(1997%);

(1970. Am. J. Phys66, 14 (1998.
[2] S. Chu and S. Wong, Phys. Rev. Let8, 738(1982. [8] J.C. Garrison, M.W. Mitchell, R.Y. Chiao, and E.L. Bolda,
[3] B. Segard and B. Macke, Phys. Lett.189, 213(1985. Phys. Lett. A245 19 (1998.

[4] A.M. Steinberg, P.G. Kwiat, and R.Y. Chiao, Phys. Rev. Lett. 5’)] EAE’ g/lilll(;er, groc. lEEE(SSC’:h?_ZS (203%' hn C. Garri Ph
71, 708(1993; A.M. Steinberg and R.Y. Chiao, Phys. Rev. A [10] Eric L. Bolda, Raymond Y. Chiao, and John C. Garrison, Phys.
51 3525(1995 Rev. A48, 3890(1993.

’ ) [11] L. Brillouin, Wave Propagation and Group Velocifcademic

[5] L.J. Wang, A. Kuzmich, and A. Dogariu, Natu#06, 277 Press, New York, 1960
(2000; A. Kuzmich, A. Dogariu, L.J. Wang, P.W. Milonni, and  [17] R. LOl’JdOFI, 3 Ph’ys. A, 233(1970.
R.Y. Chiao, Phys. Rev. Let86, 3925(2001. [13] E.O. Schulz-Dubois, Proc. IEE&7, 1748(1969.

[6] R.Y. Chiao, Phys. Rev. A8 R34 (1993; E.L. Bolda, J.C. [14] K.E. Oughstun and S. Shen, J. Opt. Soc. Am.5B2395
Garrison, and R.Y. Chiaabid. 49, 2938(1994. (1988.

056601-4



