
Introduction
Cochlear implants are an accepted and effective
treatment for restoring hearing sensation to people
with severe-to profound hearing loss. Contemporary
cochlear implants consist of a microphone, a sound
processor, a transmitter, a receiver, and an electrode
array that is positioned inside the cochlea. The sound
processor is responsible for decomposing the input
audio signal into different frequency bands and
delivering information about each frequency band to
the appropriate electrode in a base-to-apex tonotopic
pattern. The bandwidths of the frequency bands are
approximately equal to the critical bands, where low-
frequency bands have higher frequency resolution than
high-frequency bands. The actual stimulation to each
electrode consists of nonoverlapping biphasic charge-

balanced pulses that are modulated by the low pass-
filtered output of each analysis filter. However, the
improvement in speech perception necessitates a
highly sophisticated way of processing the speech and
coding to the auditory nerve fibers.

Human speech is highly redundant with spectral and
temporal cues. Importance of these cues for speech
recognition has been the research interest in the recent
decades. Smith et al. studied the relative importance of
temporal envelope and fine structure cues for speech
recognition. They reported that envelope cues are
important for speech perception whereas fine structure
cues are important for pitch perception and localization
[1]. Most of the speech coding strategies of today’s
cochlear implants mainly rely on the temporal
envelope cues for the speech recognition. The
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temporal envelope cues from 3-4 bands are sufficient
for the speech recognition in quiet [2]. However, recent
studies have indicated that the envelope cues alone are
not sufficient for the robust speech recognition in noise
[3-6]. The noise causes degradations to these amplitude
modulations which in turn affects the speech
perception [7]. The presence of steady background
noise fills up the valleys of speech thus reducing the
modulation depth [8]. This envelope smearing of speech
adversely affects the speech intelligibility [9,10] .

Clarkson and Bahgat reported that, envelope
expansion can compensate for the deleterious effect of
noise, as it increases the depth of amplitude
modulation present in the speech [11]. Envelope
expansion resulted in small improvements at 0 dB
signal-to-noise (S/N) ratio, but no improvement was
found at -5dB and -15dB S/N ratio [11]. Enhancing the
modulation depth by 15 dB improved the speech
perception even in the individuals with auditory
neuropathy [12]. The temporal fine structure was not
fully excluded in the above studies. The envelope
enhancement scheme needs to be evaluated on a
speech material containing only envelope cues to
understand the role of envelope alone on speech
recognition and also for its application in cochlear
implants.

Fu and Shannon synthesized the envelope speech
using noise wave vocoders and enhanced the
modulation depth using power law transformations.
Results of their study revealed a significant reduction
in vowel and consonant recognition scores in quiet
condition. Further, the study indicated that modulation
depth enhancement distorts the speech signal in quiet
[13]. Similarly Lorenzi and co-workers also reported that
expanding the envelope decreases the consonant
identification scores in quiet when the spectral
information is restricted below 2500 Hz and scores are
unaffected when full range of spectrum is applied [14].
In the presence of background steady state noise,
consonant identification scores improved when
presented at 0 dB SNR [14], as well as at -6 dB, 0 dB and
+6 dB SNR [15]. The current study aims to extend the
above studies to sentence recognition in background
noise using sine wave vocoders.

Materials and Methods
Four lists each containing 10 English sentences taken
from HINT [16] served as stimuli or the current study.
Familiarity of the sentence lists were ascertained on
individuals exposed to English language at least for
ten years. In each list three key words were identified,
thus having a total of 30 key words in each list. Only
the key words were considered for the scoring. The
speech stimuli were spoken by a female speaker with
Indian English accent recorded digitally on a data
acquisition system at 44.1 kHz sampling frequency
and using a 16-bit A/D converter in a sound treated
room.

Signal processing:

Speech signals with only envelope cues were
synthesized using following steps. Signals were first
processed through a pre-emphasis filter at1200 Hz
cutoff, with a slope of 3dB/octave and then band
passed into 8 frequency bands using sixth-order
Butterworth filters. The envelope of the signal was
extracted by full-wave rectification, and low-pass
filtering (second-order butterworth) with a 400 Hz
cutoff frequency. Sinusoids were generated with
amplitudes equal to the root mean-square (RMS)
energy of the envelopes and frequencies equal to the
center frequencies of the band pass filters. Finally
outputs of each filter were summed to produce the
synthesized speech. To produce the speech in noise
condition, white noise was added at 0 dB SNR by
taking RMS value into consideration and the steps
mentioned above were repeated.

Envelope enhancement was performed using PRAAT
software version 4.1.21. The software incorporates
overlap and add (OLA) procedure for speech
processing. The speech signal was passed through stop
band (300Hz and 8000Hz) (hamming) frequency
domain filter after FFT. The spectral values at
frequencies between 400 and 7900Hz were set to zero.
The spectral values from 200 to 400Hz and from 7900
to 8100Hz were multiplied by a raised sine, so as to
give a smooth transition without ringing in the time
domain. Finally, a backward Fourier transformation
was done to obtain the stop band signal. The
processing was carried out on the spectrum in the
300Hz to 8000Hz range. The spectrum was divided
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into different critical bands using Hamming window.
Each frequency band is one Bark wide (based on bark
scale), with 100 Hz overlap. Each critical band was
converted to a band pass filtered sound by means of
the backward Fourier transform. The band pass filtered
sound was subjected to FFT and Envelope (intensity
modulations) is obtained from the absolute value of
FFT. The envelope within each band was then passed
through a Frequency domain filter using hamming
window to extract frequency range of interest. The
filtered band was converted into power. Based on the
power and the maximum enhancement, a factor
required for envelope expansion was calculated in dB
scale and the filtered sound was multiplied by this
factor. The manipulated band pass signals were added
and a backward Fourier transformation was done to
obtain the manipulated signal. The manipulated signal
was finally added to the stop band signal to get the
envelope-enhanced signal. Modulation depth was
enhanced by 15 dB at 1 to 30 Hz envelope bandwidth.
This modulation frequency was selected based on the
findings of previous research that, normal hearing
individuals require envelope modulation of 20 Hz or
greater for correct identification of syllables and the
performance of individuals with cochlear hearing loss
improve with enhanced modulations for larger
bandwidths [17].

Subjects:

Ten adult males with the age ranging from 18 to 24
years participated in the current study. The hearing
thresholds of the participants were ≤ 15 dB at octave
frequencies from 250 Hz to 8000 Hz. All participants
were exposed to English language for past ten years.

Procedure:

The experiment was performed on a PC equipped with
a Creative Labs SoundBlaster 16 soundcard. The
subjects listened to the sentences via Senheiser stereo
headphones at a comfortable level set by the subjects,
subsequently listened to the stimuli unilaterally and
ear selection was randomized across the subjects.
Written responses were obtained from the subjects on
open set task. The responses were scored using the
‘loose method’ in which a response was recorded as
correct if the root of it matches the root of the
presented word [18].

Results
The current study investigated the speech recognition
scores of sine wave vocoded speech with and without
envelope expansion. Speech recognition ability was
assessed in both quiet and noise condition using
sentence recognition task. Henceforth in this article,
speech recognition task in quiet without envelope
expansion will be referred as QUIET; speech
recognition task in quiet with envelope expansion as
QUIETENH; speech in noise without envelope
expansion as WN; and speech in noise with envelope
expansion as WNENH. Speech recognition task was
carried out using the standardized sentence material.
The sentence recognition scores were calculated by
counting the correctly identified key words within the
sentences. Further, the scores were converted into
percentages, for all the four conditions (quiet with and
without envelope enhancement, white noise with and
without envelope enhancement). Mean speech
recognition scores obtained for QUIET, QUIETENH,
WN and WNENH were 86.63%, 88.96%, 15.31% and
18.30% respectively. Mean and standard deviation for
each condition is depicted in Figure 1.

The main effect of noise on speech recognition scores
was evaluated using parametric paired ‘t’ test. In view
of Shapiro-Wilk tests for normality which indicated
that the difference in scores between QUIET and WN
was normally distributed (W=0.94, p>0.01),
parametric test was chosen to investigate the main
effect. Paired ‘t’ test revealed that, the mean difference
between speech recognition scores in quiet and in
noise was statistically significant (t9=34.8, p < 0.01).
Speech recognition scores in noise were significantly
poorer than speech recognition scores in quiet.
Shapiro-Wilk’s tests for normality indicated that the
difference in scores between QUIET & QUIETENH
(W=0.93, p>0.01) and WN & WNENH (W=0.82,
p>0.01) was normally distributed. Since, difference in
scores were normally distributed, the main effect of
envelope expansion was also investigated using
parametric test. Paired sample‘t’ test revealed that
there was no significant difference between QUIET &
QUIETENH (t9= -1.3, p>0.01) as well as WN &
WNENH (t9= -2.3, p>0.01).
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Discussion
In this study it was observed that the participant’s
performance yielded good scores only with envelope
cues in QUIET, in line with the findings of Shannon et
al [2]. However, in the presence of steady background
noise the speech recognition scores were degraded
when compared to QUIET, which can be observed from
the figure 1. When the speech and noise were together,
they produce a new mixed envelope which was
different from target speech [6], which can be observed
from Figure 2. This mixed envelope is used to modulate
the carrier sine waves, because of which the listener
may not be able to segregate the speech and noise into
two perceptual streams [19].

The envelope enhancement did not have any significant
effect on speech recognition scores in quiet, which was
proven statistically too. Earlier study by Fu and
Shannon showed that envelope expansion decreases the
speech recognition scores in quiet [13]. This difference in
the results between the current study and the earlier
studies could be attributed to the difference in the type
of speech material used. Earlier studies focused only on
the consonant identification ability, with an observation

that the consonant identification scores were degraded
when the envelope was expanded. In the current study
also, amplitude of consonantal portions was decreased
when the envelope was expanded (Figure 3). Even
though the acoustic analysis revealed decreased
consonant amplitude, the sentence recognition scores
were unaffected. This can be explained by glimpsing
model [20], which states that auditory glimpsing involves
taking brief “Snap shot” from an ongoing temporal
sequence. It is the process by which distinct regions of
the signal, separated in time, are linked together when
intermediate regions are masked or deleted. Even
though intermediate regions have been affected by the
envelope expansion, unaffected portion of the sentences
would have permitted the listener to “glimpse” the
acoustic structure of the target speech. The results can
also be attributed to the extrinsic redundancies of the
speech, where sentences have more redundancies than
syllables or word. Lorenzi and co-workers have
reported that expanding the envelope does not affect the
consonant identification scores when full range of
spectrum is applied. The current study also supports
their findings [14].

Figure 1. Mean speech recognition scores in quiet with and without envelope enhancement, and speech in noise with and without
envelope enhancement (QUIET, QUIETENH, WN and WNENH). Error bar indicates ±1 standard deviation.
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Figure 2. Energy plots for the sentence “the ball bounced very high”. Top panel represents quiet speech without envelope expansion.
Middle panel represents the noisy speech without envelope expansion. Bottom panel represents noisy speech with envelope expansion.

Figure 3. Wave form of the “The foot ball game is over”. Top panel represents the quiet speech without envelope expansion. Bottom
panel represents quiet speech with envelope expansion.



When the speech and noise are combined together they
produce a new mixed envelope. This mixed envelope
(speech + noise) not only differs in terms of
modulation depth from the target speech, but also

alters the modulation spectrum [6]. The effect of white
noise and envelope expansion on speech is depicted
using modulation spectrum (Figure 4).
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Figure 4. Modulation spectrum of the sentence “the ball bounced very high”. Each panel represents four spectral bands of the same
sentence (QUIET, WN and WNENH)..

It can be observed from the above figure that the white
noise alters the modulation spectrum of the speech
signal at least in high frequency spectral bands. When
the envelope is expanded for this altered envelope, it
may not result in improved scores. Probably envelope
expansion could have been useful if only modulation
depth is being reduced in the presence of background
noise. The modulation spectrum of the speech in noise
with envelope expansion is not similar to the
modulation spectrum of the speech in quiet. This
implies that envelope expansion does not restore the
cues which are altered by the noise. It was also
observed that some of the modulation dips were
completely filled up or nearly flattened (Figure 4),
posing difficulty to the algorithm to identify those dips
and expand it. These apparent reasons determine the
poor performance of the participants under envelope
expansion scheme.

Conclusion
The current study evaluated the effect of envelope
expansion when primarily temporal cues are used. The
envelope expansion was evaluated in quiet and in the

presence of background white noise. 40 HINT
sentences were subjected to envelope extraction at 400
Hz and the envelope was expanded by 15dB at 1-30Hz
bandwidth. It is concluded that the envelope cues
alone are sufficient for good speech recognition in
quiet but not in the presence of noise. Envelope
expansion scheme does not affect the sentence
perception containing only envelope cues in quiet as
well as in noise.
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