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Signal velocity is calculated in a medium with negative group delay (NGD). By accounting for the medium 
and the detector noise sources, the time varying probability of error at the detector [Pe(t)] is evaluated 
in the NGD channel and a normal dispersion channel. The scheme in which Pe(t) falls below a threshold 
at earlier time, implies faster information transfer. It is found that the signal velocity depends on the 
detector type and the relative noise strength of the detector with respect to the channel. Finally, it is 
shown that NGD channels can be useful in applications that are limited by the detector noise.
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1. Introduction

An electromagnetic pulse in a temporally dispersive medium 
can experience non-uniform scaling and phase delay during prop-
agation. Accordingly, a pulse can undergo significant reshaping de-
pending on its spectral characteristics, carrier frequency and tem-
poral support. A special class of interest, in which the velocity of 
the pulse peak (group velocity) can become superluminal or even 
negative, is known as abnormal dispersive media. Abnormal group 
velocity and, equivalently, abnormal group delay (AGD) have been 
investigated in many studies. For instance, at microwave frequen-
cies, superluminal evanescent tunneling has been demonstrated 
and compared to quantum mechanical predictions [1–7]. At op-
tical frequencies, double resonance gain-assisted media have been 
utilized to achieve negative group velocities with minimum pulse 
distortion [8–12]. Superluminal tunneling has also been reported 
in the single photon limit [13–16]. It is now well established that 
AGD is in full compliance with the fundamental requirements of 
Einstein’s causality and can be attributed to dynamical pulse re-
shaping [17–24] and redistribution of energy during propagation 
[25,26].

Superluminal (and negative) propagation has naturally been 
studied in the context of fast information transfer [8–12]. In this 
context, it has been well known that superluminal signaling is not 
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possible for many reasons. First, from a fundamental point-of-view, 
genuine information is encoded in the points of non-analyticity 
(the transitional turn-on) at the front of a causal pulse [23]. These 
singularities are comprised of high frequency components that 
lie above the anomalous dispersion cut-off and, consequently, the 
front velocity remains strictly luminal [15]. Second, even for the 
cases in which the pulse (typically a Gaussian pulse) is superlu-
minal, it has been shown that the pulse behavior could have been 
analytically extrapolated from earlier time samples [20,23]. Accord-
ingly, information velocity is not tied to the superluminal effect of 
the group velocity [17,18,23,24].

2. Motivation

In some situations, it has been practically possible to associate 
information with the propagation speed of the strictly luminal 
points of non-analyticity (discontinuities) in a causal pulse, when 
these points lie above the detection threshold [10,27–31]. However, 
this is not entirely valid under all circumstances. In many other 
practical situations, the energy content of the precursor oscilla-
tions associated with the pulse front is typically submerged below 
the noise floor which makes its reliable detection non-practically 
feasible [1,23]. In such cases, it is not straight-forward to asso-
ciate information with the propagation speed of the (practically 
undetectable) front. Instead, information should be associated with 
the time instant at which the detector device receives a sufficient 
amount of energy that is distinguishable from the noise floor. As 
such, one cannot quantify the signal velocity (or equivalently signal 
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Fig. 1. A schematic diagram of the proposed thought experiment. (a) A 1.45 GHz modulated Gaussian pulse with FWHM of 15 ns is applied at the input of NGD and PGD 
channels. The channel noise is added before the detection process.
delay) without considering the contributions of the noise gener-
ated in the medium and the detector.

The goal of this paper is to: calculate signal velocity in any 
dispersive medium, investigate the possibility of utilizing an AGD 
medium to reduce signal detection latency and, finally, to set con-
straints on the detector and the medium so that such latency 
reduction can be achieved. Although previous efforts have been 
made in this area [10,32–35], there are two key distinctions here:

First, in this study, we investigate the behavior of signal ve-
locity while considering three different detection schemes at the 
receiver side; these are: the correlation detector, envelope detector 
and matched filter detector. While the correlation detector and the 
envelope detector have been previously considered in the litera-
ture to probabilistically characterize the signal velocity [10,32–37]. 
Here, we are rather interested in the limitations imposed by the 
detector noise and its effect on the signal velocity. In each detec-
tion scheme, we study the behavior of signal velocity under vari-
ous noise profiles. It is shown that not only the detector type but 
also its noise characteristics determine whether signal detection 
latency can be reduced or not. This sets fundamental constraints 
on the detection scheme (type and associated noise) under which 
signal detection latency can be reduced.

Second, a strict condition applies here when comparing our re-
sults to a medium with positive group delay (PGD); unlike many 
previous studies [33–35], the dispersive medium (channel) is care-
fully tuned so that the overall energy exiting from both channels is 
kept the same. This guarantees that any fast information transfer 
is not attributed to excess energy from the medium, and ensures 
fair comparison with the positive group delay (PGD) medium.

As such, this analysis aims at showing the capabilities as well 
as presenting the limitations of signaling schemes that utilize su-
perluminal (or negative) group delay.

This paper is organized as follows: in Section 3, we present the 
statistical approach for quantifying information latency in a general 
dispersive medium. In Section 4, we consider an active microwave 
NGD circuit as a case study and we account for its respective noise 
contribution. In Section 5, the important role of the detector is 
emphasized as we consider three different detection systems: the 
correlation detector, the envelope detector and the matched filter. 
Additionally, each detector is studied under three different noise 
profiles. Finally, we discuss the practical feasibility of utilizing AGD 
media to reduce information latency.

3. Approach

In any noisy communication system, there exists a non-zero 
probability of encountering errors in the detected signal. Therefore, 
reliable detection of information can only be described probabilis-
tically. A standard metric that is used to quantify reliable informa-
tion detection, without loss of generality, is the probability of error 
(Pe). This is the probability that a bit is incorrectly identified. In 
this thought experiment, Pe is the probability that either the re-
ceiver decides that a pulse has been sent when, in fact, it has not, 
or the receiver fails in detecting an actual transmitted pulse. Given 
the detection system in addition to the energy content of the pulse 
and the associated noise floor, the probability of encountering er-
rors in the detection process can be written in well-established 
closed form expressions [38]. Therefore, reliable detection of infor-
mation can analytically be quantified.

In order to calculate the probability of error in the detected 
signal, one has to consider the full communication system. The 
scheme used in our thought experiment can be described as fol-
lows: a microstrip transmission line is divided into two equal sec-
tions and loaded with an NGD active circuit in the middle of the 
two sections. At time instant (t = 0), the channel is either excited 
by a signal represented by a causal, modulated Gaussian pulse 
(bit 1) or not excited at all (bit 0). This scheme represents a sim-
ple on-off keying (OOK) communication protocol. The generated 
pulse is then processed at the receiver which consists of a detec-
tor, a sampler, and a decision device as illustrated in Fig. 1. The 
noisy detection apparatus at the receiver end attempts to deter-
mine as quickly as possible whether or not a signal has been sent. 
The same configuration is applied to the case of a conventional 
PGD microstrip line for comparison.

Instead of sampling the output of the detector at only a single 
time instant at which the SNR has a maximum value as in conven-
tional communication systems, the output is sampled continuously 
as a function of time herein. Accordingly, Pe(t) can be described 
and calculated as a function of time. The time instant at which 
Pe(t) falls below a preset threshold (equivalent to the SNR exceed-
ing a preset threshold) implies that the pulse (new information) 
has been reliably detected within the limit of the preset threshold. 
The time required to reach the threshold defines the signal delay. 
This approach is applied in details in Section 5 while considering 
three different detection schemes; the correlation detector, the en-
velope detector and the matched filter detector.

In order to calculate Pe(t), the noise generated in the medium 
should first be obtained. As such, in the next section, we introduce 
the NGD channel and calculate its noise contribution and output 
field.

4. Channel analysis

The active NGD circuit proposed by Ravelo et al. [39,40] is 
adopted in this analysis. The circuit is composed of two cascaded 
cells consisting of a parallel connection of a PHEMT transistor and 
a series RLC branch. This topology realizes NGD in addition to pos-
sible input/output matching. Fig. 2 shows a schematic of the NGD 
channel in which a microstrip transmission line is cut into two 
symmetric sections and loaded with the NGD circuit in the mid-
dle.

The circuit considered by Ravelo, however, exhibits gain. In the 
present analysis, the active circuit is tuned to obtain overall unity 
channel gain. In that case, the output pulse undergoes reshaping 
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Fig. 2. A schematic of the NGD channel. A microstrip transmission line is loaded 
with an NGD circuit. The characteristic impedance of the transmission line is 
50 (�). The transmission line total length is 3 (cm) (0.145λ) and its width is 
1.079 (mm). The values for the resistors, capacitors, and inductors are: Rm = 75 (�), 
R1 = 3.75 (�), R2 = 36 (�), L1 = L2 = 12 (nH), C1 = C2 = 1 (pF). Elements F1 and 
F2 are pseudomorphic high electron mobility transistors (PHEMTs) – model EC2612 
[41].

with no increase in the total energy content. In other words, the 
total energy exiting from the medium is the same as the input 
energy. This ensures fair comparison with the passive PGD mi-
crostrip line and enforces the SNR to settle at the steady state 
value for both the NGD and PGD configurations if the correspond-
ing channel noise contributions are equal. This is attained by re-
ducing the value of R1 invoked in [39] from 11 (�) to 3.75 (�) 
herein. This configuration achieves NGD of −6.3 (ns) at the design 
frequency of 1.45 (GHz) as depicted in Fig. 3(a). In Fig. 3(b), the 
input pulse spectrum is plotted with the channel insertion loss. 
The input bandwidth is adjusted so that the attenuated and am-
plified frequencies level out yielding a pulse with no appreciable 
amplification at the peak as shown in the time-domain results in 
Fig. 3(c). It is shown that, peak advancement (which accounts for 
40% of the pulse FWHM) is achieved with minimal pulse distortion. 
Moreover, the inset of Fig. 3(c) confirms that the earliest response 
of the medium (the front) occurs after a strictly luminal duration 
(t = L/c); where L is the medium length and c is the speed of light 
in vacuum, in agreement with Einstein’s causality.

In order to account for the noise of the NGD channel, a linear 
bias-independent noise model for the PHEMT is used. According to 
[42], the equivalent circuit of the PHEMT and its noise figure at 
Table 1
Numerical values of the microstrip line parameters.

Parameter Value

Relative permittivity, εr 3.5
Relative permeability, μr 1.0
Dielectric thickness, d 0.508 (mm)
Loss tangent, tan δ 0.0018
Conductivity, σ 5.8 × 107 (S/m)

Characteristic impedance, Z0 50 (�)
Microstrip line length, L 3 (cm)
Microstrip line width, W 1.079 (mm)

a certain frequency as found in [41], are sufficient for calculating 
the noise figure and the optimum noise source impedance for the 
PHEMT at a wide range of frequencies. The Advanced Design System
(ADS) noise simulations of the PHEMT exhibit excellent agreement 
with [42] in terms of minimum noise figure (Fmin), noise resis-
tance (Rn), and optimum source reflection coefficient (Sopt). The 
analysis is extended to the two-stage NGD circuit and the overall 
noise contribution is calculated and plotted in Fig. 3(d).

The noise calculations for the passive PGD microstrip line are 
much more straight-forward. The numerical values for the param-
eters of the microstrip line are listed in Table 1. For such case, the 
microstrip line is represented in a passive circuit that consists of 
resistances, inductors and capacitors.

The equivalent Johnson noise is then calculated and the output 
noise power is verified using ADS simulations. The noise voltage 
spectral densities at 1.45 (GHz) for the NGD and PGD channels are 
found to be 1.22 ( nV√

Hz
) and 0.447 ( nV√

Hz
), respectively.

5. Detection system noise

It is inadequate to study the problem of information latency in 
NGD circuits without considering practical scenarios in which the 
pulse is detected at the output of the channel using a non-ideal 
detector. In this section, we consider three different detectors: the 
correlation detector, the envelope detector, and the matched filter 
in order to highlight the role played by the detector in defining the 
information velocity.
Fig. 3. Analysis of the NGD channel. (a) Group delay. (b) Input Gaussian pulse spectrum fitted on the NGD S21 plot. (c) NGD and PGD channel output response, the inset 
depicts the arrival of the front. (d) Noise Spectral densities of the NGD and PGD channels in units of nV√

Hz
.
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Fig. 4. The correlation detector. It consists of a mixer, low pass filter, integrator, a sampler and a decision device.

Table 2
Three inequalities for the relative noise power of the detector with respect to the channel.

Case (a) Case (b) Case (c)

N0,det � min(N0,PGD, N0,NGD) N0,det = min(N0,PGD, N0,NGD) N0,det � max(N0,PGD, N0,NGD)
5.1. Correlation detector

The correlation detector consists of a mixer, low pass filter 
(demodulator stage) and a correlator block that multiplies the de-
modulated baseband signal (with added channel noise) by a locally 
generated version of itself and integrates the result as depicted in 
Fig. 4.

The reliability of signal detection, for this detection scheme, can 
be quantified analytically in terms of the probability of error in the 
detected signal [38]. By extending this metric to be time depen-
dent function [Pe(t)], the following expression can be derived:

Pe(t) = Q

(√
E A(t)

4N0

)
. (1)

E A(t) =
t∫

0

A2(u)du. (2)

Where Q (x) is the well-known tail function, N0 is the noise 
spectral density (in units of V2/Hz) and it consists of the noise 
contributions of the channel (N0,ch) and the detection system 
(N0,det) i.e. N0 = N0,ch + N0,det . The term E A(t) is the time-
integrated signal power at the output of the correlator block (in 
units of V2/Hz). The correlator block directly precedes the sampler 
stage as shown in Fig. 4.

In order to calculate Pe(t), the noise contribution of the cor-
relation detector should be specified. To ensure the generality of 
our approach, we consider three different profiles for the relative 
power strength of the detector noise as compared to the channel 
noise. These profiles are summarized in Table 2.

As discussed in Section 3, reliable information detection can be 
defined to take place when Pe(t) falls below a certain threshold. 
We set this threshold here to be 10−5 for a reliable communication 
scheme.

First, we consider case (a) in which the detector has negligible 
noise contribution. In this case, the channel noise is dominant. It 
is observed that Pe(t) in the NGD channel is significantly time de-
layed regardless of the 6.3 (ns) pulse peak advancement exhibited 
in the NGD channel (as compared to the PGD channel). This is de-
picted in Fig. 5(a). Such observation can be attributed to the large 
noise contribution of the NGD channel as compared to the noise 
generated in the normal PGD microstrip line. The other source of 
retardation for the Pe(t) in the PGD microstrip line is the detector 
noise. However, in case (a), this source of retardation is not signifi-
cant compared to the retardation caused by the NGD circuit noise. 
Therefore, despite the pulse peak advancement, the NGD channel 
fails to achieve reduction in information latency compared to the 
microstrip line. It is worth noting that this observation is in agree-
ment with [10,32] in which the detection latency was limited by 
the channel noise as well.
Fig. 5. Pe(t) for different scenarios of the correlation detector noise strength. 
(a) N0,det � min(N0,PGD, N0,NGD), (b) N0,det = min(N0,PGD, N0,NGD), (c) N0,det �
max(N0,PGD, N0,NGD). The input energies are adjusted accordingly to preserve the 
same steady state SNR for the PGD channel (denoted by the dashed curve). More-
over, the inset depicts the occurrence of the earliest response at t = L/c (0.1 ns).

In case (b), the noise contribution of the detection system is 
comparable to the NGD channel. The input pulse energy in both 
channels is scaled (increased) accordingly to compensate the in-
crease in the noise level in order to preserve the same steady state 
Pe(t) for the PGD channel at the 10−8 level (as a fixed reference). 
Although Pe(t) in the NGD channel acquires lower values at earlier 
time instants, as illustrated in Fig. 5(b), this is not accompanied by 
reliable signal detection. There is no new information detected ac-
cording to our definition of 10−5 as a reliable detection threshold. 
Additionally, Pe(t) settles at a higher steady state value in the case 
of the NGD channel due to the higher channel noise power com-
pared to the PGD channel. It could be inferred from the large gap 
between the steady state values of Pe(t) in both the NGD and PGD 
channels that the detection latency is still limited by the channel 
noise.

As the contribution of the detection noise is increased so that 
case (c) is satisfied, the NGD behavior comes into effect. In this 
case, the detector noise represents a significant source of signal 
retardation in both the NGD and PGD channels; accordingly, the 
detection latency is limited by the detection noise and not the chan-
nel noise as was the situation in cases (a)–(b) and Refs. [10,32]. 
The corresponding behavior is shown in Fig. 5(c) in which the 
Pe(t) reaches the threshold of 10−5 in the NGD channel at earlier 
time instant compared to the microstrip line implying that new 
information is reliably detected. The NGD channel thus scores a 
reduction of ∼3 (ns) in signal latency compared to a conventional 
PGD microstrip line. This accounts for approximately 20% of the 
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Fig. 6. A schematic diagram showing the components of an envelope detector. The basic blocks include a band-pass filter, and envelope detector block, followed by a sampler 
and a decision device.
FWHM of the input pulse. It should be noted that the input signal 
energies are also scaled in both channels to preserve the steady 
state value of Pe(t) for the PGD channel at the 10−8 level.

In all three cases considered in Fig. 5, Pe(t) remains fixed at a 
precise value of 0.5 for all time instants t < L/c, where L is the 
channel length, c is the speed of light in vacuum (as depicted in 
the inset of Fig. 5). This implies void reliable detection at earlier 
time instants before the arrival of the pulse front (precursor field) 
and validates Einstein’s causality. In effect, this affirms that such 
reduction in signal latency does not imply superluminal informa-
tion transfer. In other words, information has been detected in the 
NGD channel after the arrival of the strictly luminal front and be-
fore the arrival of detectable information in a PGD channel (with 
noisy detector).

The above results suggest that signal detection latency can be 
reduced in a superluminal medium that is limited by the detection 
noise (and not the channel noise). In order to study the effect of 
the detection scheme on the information (signal) and its detection 
latency, we consider other cases for the detector as discussed next.

5.2. Envelope detector

In this subsection, Pe(t) is calculated for the case of an enve-
lope detector. The detector considered in this analysis is schemati-
cally illustrated in Fig. 6.

For the envelope detector, the probability of error in the de-
tected signal is provided in Ref. [38] and is extended here as a 
function of time in a closed form expression as follows:

Pe(t) = 1

2
e− b(t)2

8N + 1

2

b(t)/2∫
0

r

N
e− b(t)2+r2

2N I0

(
b(t)r

N

)
dr. (3)

Where N = N0 B , N0 is the total noise contribution of both the 
channel and the detector in units of V2/Hz, B is the detection 
bandwidth, I0 is the modified Bessel function of the first kind and 
b(t) is the output of the band-pass filter.

The Pe(t) is plotted for the three scenarios considered in Ta-
ble 2. This is depicted in Fig. 7. It is observed that a similar be-
havior follows the trend previously discussed in the case of the 
correlation detector, in the following sense:

When a less noisy detector is used, the detectable information 
is limited by the NGD channel noise. The noise generated by the 
circuit act as a delay source for the Pe(t) in this case despite 
the pulse peak advancement [∼6.3 (ns)] in the NGD circuit. On 
the other hand, when the noise strengths of the detector and the 
NGD circuit are comparable, Pe(t) encounters advancement at ear-
lier time instants. However, this takes place without reaching the 
predefined reliable detection threshold. Finally, when the detector 
noise contribution is dominant, Pe(t) scores significant time ad-
vancement compared to the microstrip line. This advancement is 
also accompanied by reliable detection (at the 10−5 error level) 
implying a reduction in the detectable information latency.

It is observed that the minimum probability of error value for 
the three cases considered in the NGD circuit does not reach a 
value below the minimum Pe(t) value obtained using a microstrip 
line. This is a direct consequence of using a noisy NGD circuit 
that preserves the same total energy of the input pulse. Moreover, 
Fig. 7. Pe(t) of three different scenarios for the envelope detector noise pro-
file (a) N0,det � min(N0,PGD, N0,NGD), (b) N0,det = min(N0,PGD, N0,NGD), (c) N0,det �
max(N0,PGD, N0,NGD). The input energies are adjusted accordingly to preserve the 
same steady state SNR for the PGD channel (denoted by the dashed curve).

despite the time advancement for Pe(t), the information speed re-
ported using the NGD channel is subluminal as it always occurs 
after the arrival of the strictly luminal front (as depicted in the 
inset of Fig. 7).

Thus far, we have discussed cases in which signal detection la-
tency can be reduced in communication schemes that are limited 
by the detector noise. In the following subsection, we present a 
detection scheme in which superluminal (or negative) propagation 
does not lead to any reduction in the signal detection latency re-
gardless of the noise profile of the detector.

5.3. Matched filter detector

In this subsection, we calculate Pe(t) for the case of a matched 
filter detection scheme. The receiver side consists of a demodulator 
and a matched filter which multiplies the input by a time-reversed 
version of itself and integrates the result as illustrated in Fig. 8.

The probability of error Pe is given in [38] for a matched filter 
and can be extended as a function of time in the following form:

Pe(t) = Q

(√
f 2(t)

4N0 E A

)
. (4)

Here, f (t) is the sampled signal at node M ′ as shown in Fig. 8. 
Accordingly, Pe(t) is plotted and shown in Fig. 9. It is observed that 
there is no reduction in the detectable information latency in all 
the three considered noise profiles of the detector. It is concluded 
that, not only does the relative noise strength of the detector with 
respect to the channel affect signal detection latency, but the type 
of the detector has a significant effect as well.

The above result can be attributed to the fact that a matched 
filter detector is optimized to achieve the maximum value of SNR 
at its optimal sampling point by performing a correlation between 
the received signal and a time reversed version of its original copy. 
Such maximization takes place when the entire signal is received 
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Fig. 8. A schematic diagram showing the components of the matched filter detector. The basic blocks include a demodulator, matched filter followed by a sampler and a 
decision device.
Fig. 9. Pe(t) for different scenarios of the envelope detector noise strength 
(a) N0,det � min(N0,PGD, N0,NGD), (b) N0,det = min(N0,PGD, N0,NGD), (c) N0,det �
max(N0,PGD, N0,NGD). The input energies are adjusted accordingly to preserve the 
same steady state SNR for the PGD channel (denoted by the dashed curve). More-
over, the inset depicts the occurrence of the earliest response at t = L/c (0.1 ns).

at the detector. As such, matched filters are not designed to de-
tect the signal in an instantaneous manner (as incorporated in this 
analysis). In effect, pulse advancement in an NGD circuit becomes 
useless in the case of a matched filter regardless of its noise profile. 
This is not the case in the correlation detector and the envelope 
detector. In such cases, the pulse can be instantaneously detected 
and NGD effect is indeed useful and can reduce signal detection 
latency (under certain circumstances) as has been demonstrated in 
the Pe(t) plots (Fig. 5 and Fig. 7).
6. Discussion

Thus far, it has been shown that while information is delocal-
ized and spread out over the entire spectral components of an 
electromagnetic pulse (from a fundamental point-of-view); how-
ever, from a practical consideration, it is possible to define a finite 
time window within which information can be reliably detected. 
This has been illustrated by applying a statistical approach to a 
noisy NGD microwave circuit terminated with a non-ideal detector. 
Moreover, the possibility of reducing the detection latency of infor-
mation (under certain conditions on the detector and the channel) 
has been demonstrated.

It should be noted that information transfer is a matter of in-
teraction between the input pulse energy level, temporal support, 
induced reshaping, medium noise and detector noise. This is de-
picted in Fig. 10 where cases (a)–(c) correspond to the cases listed 
in Table 2. In all three cases, the noise in the NGD channel (marked 
in the black dotted line) is the same. In order to achieve reduc-
tion in signal detection latency [which corresponds to case (c)], 
the detector noise should be much larger than the NGD channel 
noise (∼10 times larger in our analysis). In order to establish a fair 
comparison, the input pulse energy (for both the PGD and NGD 
channels) should be scaled accordingly (by the same amount) to 
preserve the same steady state SNR for all the scenarios of the de-
tector noise (a)–(c). It is worth mentioning that cases (a), (b) and 
(c) correspond to realistic scenarios that are fully valid in practice. 
For instance, as for the particular NGD circuit considered in this 
analysis, the correlation detectors that satisfy the three noise pro-
files (a)–(c) are obtained from Refs. [43,44].

7. Conclusion

Using a statistical approach, signal latency has been quantified 
in an active NGD medium in the presence of both the channel 
Fig. 10. Schematic diagram illustrating the dynamics of the three inequalities (a), (b) and (c) discussed in Section 5. The interplay between the medium noise, detector noise 
and input energy determines the information detection latency. Energy in case (c) > energy in (b) > energy in (a) to obtain a constant steady state SNR for the PGD medium. 
In each case, the input energy for the NGD and the PGD medium is the same to ensure fair comparison.
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and the non-ideal detector noises. The role played by the detec-
tor noise, its relative strength with respect to the channel noise, 
and its effect on the signal delay have been highlighted. In fact, 
it has been shown that the delay in detectable information can 
be reduced, with respect to PGD channel, in applications that are 
limited by the detector noise. Moreover, we presented detection 
schemes which cannot achieve a reduction in signal detection la-
tency regardless of its noise profile. In effect, this analysis shows 
the fundamental capabilities and limitations of superluminal (and 
negative) propagation with regard to signal detection latency. Fi-
nally, these results can have significant impact on interconnect 
design and can be applied to a broad range of applications that 
involve any form of signaling.
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